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Kodak reports to laboratories on: 


some things you can do with oxidized cellulose...making pH ind 
easier to use...decupling the sensitivity of infrared film 


Slightly degenerated cotton 
Instead of oxidizing cellulose 
as man has done from time 
immemorial to take the chill 
out of his bones, cook his din- 
ner, and — his gloom, we 
nae a trick of oxidizing it 
only to a 10% to 22% car- 
boxy! level. we do by 
treatment with nitrogen diox- 
ide. The product, called, sur- 
prisingly enough, “oxidized 
cellulose,” looks like this: 





It has the appearance and 
even some of the strength of 
ordinary cotton, along with 
some rather extraordinary 
properties. The most recent of 
these to come to light i 


eo from Sr wicthiek dns 
oxidized cellulose is an ion ex- 
c medium, plucking cat- 
ions out of aqueous solution 
to form metallic salts of cellu- 


This is one of a series of reports on the many products and services 


_ pound, F 


lose. Plain cotton as far as the 
eye can see and the finger can 
feel, it bewitchedly vanishes 
into solution when popped 
into a 2% sodium hydroxide 
solution. When kept dry and 
cold, however, it survives in- 
definitely without change. 
Trimming the cellulose chains with 
1O to 22 percent of carboxyls a 
mle ge Fe lhe Bae ay ‘5 per 
Kingsport, Tenn. If you 
are hel in concentrating some 
ACTH, this may be a ain for you 
right now, and if you can develop some 
decent volume of demand for it, we'll 


probably the price. For the cold 
facts, phy Hovde Chemical Prod- 


ucts, Inc., Chemical Division, Kings- 
ere Tenn. (Subsidiary of Eastman 
‘odak Company). 


Indicator solutions 
In the more orderly labora- 


. tories, it hangs on the wall; in 


others, you have to rummage 
for it under somebody’s desk 
blotter. Ubiquitous on the 
scientific scene it is, though— 
the famous Eastman pH Indi- 
cator Chart with its poste of 
bars that tell at a glance which 
of some 50-odd Eastman Or- 
ganic Chemicals changes from 
what color to what other color 
over what pH range. The indi- 
cators themselves we have hith- 
erto offered in dry form only— 
water or alcohol to dissolve 
them in is plentiful. 

Now we have taken a second 
look at og ese. from the 
viewpoint ¢ business man- 
ager who knows that such lab- 
oratory drudgery as making 
up tor “dition is still 
an expensive proposition. As 
a result, we report that nearly 
all the Eastman Indicators are 
now available as solutions in 
500-cc bottles, with solvent, 
concentration, and pH range 
stated on the label. We con- 
tinue to sell the indicators un- 
dissolved also. 

Direct 
Pes «By ne mage ho matal 
Distillation Products Industries, Eaxt- 
man Organic Chemicals Departme 
Rechasar 3, x. Y. (Division of East. 


man K. ). Write to the 
poms By tman Indicator 
Chart _ sti yo 5 ong 

a * for your convenience. (It’s 


with which the Eastman Kodak Company and its divisions 
are... serving laboratories everywhere 


High speed 

A close student 
of photographic - 
might surmise 

of photopanig 
rier has been 

the past year or so, 


— he would 


photographic i 
at about 12, 


Spectroscopic 
but the magni 
sitizing effect to 
now be greatly 
As one of then 
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9S00A, its 
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tation penetrati 
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ACTION OF PROTEINASES ON 7-GLUTAMYLAMINO ACID 
AMIDES AND CARBONYLBISAMINO ACID AMIDES* 


By J. W. CLARK-LEWIS{ anp JOSEPH 8S. FRUTON 


(From the Department of Biochemistry, Yale University, New Haven, Connecticut) 
(Received for publication, October 6, 1953) 


Earlier studies on proteolytic enzymes have shown that several endo- 
peptidases hydrolyze the amide bond of acylamino acid amides having the 
general formula R’CO—NH(CHR)CO—NHz2. In most of the substrates 
tested, the group R’CO— was benzoyl or benzyloxycarbonyl,! admittedly 
unphysiological substituents. For example, crystalline chymotrypsin cat- 
alyzes the hydrolytic deamidation of benzoyl-L-tyrosinamide, and cysteine- 
activated papain hydrolyzes benzoylglycinamide. Because of the increas- 
ing interest in the rdle of y-glutamy] peptides in metabolism, it seemed 
desirable to examine the susceptibility to proteolytic enzymes of acylamino 
acid amides in which the acyl substituent is a y-glutamyl group. The 
suggestion has been made (1) that, in some instances, this substituent may 
be a physiological blocking agent at the a-amino group of an amino acid in 
the course of the biosynthesis of a peptide bond involving the carbony] of 
the amino acid. 

In the present study, the y-1-glutamyl derivatives of t-phenylalanin- 
amide (y-GluPa), of L-tyrosinamide (y-GluTa), and of glycinamide (y- 
GluGa) were prepared, and were subjected to the action of chymotrypsin, 
papain, ficin, and cathepsin C. In the synthesis of the dipeptide amides, 
advantage was taken of the preferential opening of the ring of phthaloyl- 
L-glutamic acid anhydride to give y-substituted derivatives (2-4). As 
judged by the results of carboxyl N determinations (5), the products ob- 
‘tained by the reaction of the anhydride with the appropriate amino acid 
“amides, followed by dephthaloylation, contained 90 to 95 per cent of the 

| y-peptide amide. 


_ * This study was aided by grants from the Rockefeller Foundation and from the 
James Hudson Brown Memorial Fund of the Yale University School of Medicine. 
| {James Hudson Brown Fellow of the Yale University School of Medicine. Pres- 
ent address, Department of Chemistry, University of Nottingham, Nottingham, 
| England. 
> *The term ‘‘carbobenzoxy” has been criticized as not indicating the presence of 
a benzyl group in the substituent CsH;CH:OCO—. For this reason, the term “car- 
)bobenzyloxy” has been used widely in the recent literature. However, a more satis- 
ory designation is ‘“‘benzyloxycarbonyl,” as suggested in the 1952 Editorial Re- 
ort on Nomenclature of the Chemical Society, since it names the radicals in the 
itder in which they appear in the formula. 
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It will be seen from Table I that y-GluPa and y-GluTa are both hy- 
drolyzed by crystalline chymotrypsin, albeit at a much slower rate than is 
glycyl-L-phenylalaninamide (GPa). The tyrosine-containing compound js 
hydrolyzed at about 2.5 times the rate for y-GluPa; a similar ratio has 
been found for the hydrolysis by chymotrypsin of other comparable pairs 
of substrates (6). The substitution of the glycyl residue of GPa by the 
y-glutamyl residue leads to a marked diminution in the hydrolytic rate. 
This difference in rate may perhaps be correlated to the greater acid 
strength of the glycine carboxyl group (pK’ 2.4) as compared to that of the 
y-carboxyl group of glutamic acid (pK’ 4.3), although more specific factors 


TABLE I 
Action of Chymotrypsin on y-Glutamylamino Acid Amides 


Substrate concentration, 0.05 m; crystalline chymotrypsin (Worthington), 1 mg. 
per ml.; pH 7.4 (0.08 m phosphate); temperature, 37°. 








Substrate | Time | a, Kot 
min. per cent 
+-L-Glutamyl-L-phenylalaninamide 60 4.4 0.07 
120 8.6 | 0.07 
200 13.7. | 0.07 
y-L-Glutamyl-.-tyrosinamide 30 5.3 0.18 
90 15.6 0.17 
150 24.4 0.16 
Glycyl-t-phenylalaninamide 60 34.0 0.56 











* Determined by means of the Conway microdiffusion method. 
{ Per cent ammonia liberation per minute. 


may also be involved in the interaction of the enzyme with each of the two 
substrates. 

The demonstration that cathepsin C catalyzes the hydrolysis of GPa at 
pH 5 to 6 (7) and the polymerization of GPa at pH values near 7.5 (8) 
made it of interest to examine the action of this enzyme on y-GluPa and 
y-GluTa. With partially purified preparations of cathepsin C, no measur- 
able ammonia liberation was observed at pH 5 and pH 7.5, and no in- 
soluble product separated at pH 7.5. This result is in accord with other 
data obtained in this laboratory,? showing that, in the elongation of pep- 
tide chains by successive transamidation, cathepsin C is specific for di- 
peptide amides or esters of the type NH.(CHR)CO—NH(CHR’)COX, in 
which R and R’ are the side chains of a variety of a-amino acids and X is 
either NH, or an alkoxy group. Comparison of the action of cathepsin C 
and of chymotrypsin on y-GluPa and y-GluTa shows that the specifi- 


2D. 8. Wiggans, M. Winitz, and J. 8. Fruton, unpublished observations. 
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city of the two enzymes is not as similar as was thought previously (7). 
y-GluGa was tested as a possible substrate for papain or ficin, with nega- 
tive results (cf. Table Il). The results of the tests with cathepsin C, 
papain, or ficin do not give support to the possibility that the y-glutamy] 
residue may be a “physiological acyl group’”’ in the action of the intra- 
cellular proteinases. It should be stressed that the failure of the pro- 
teinases tested to act on the above y-glutamyl compounds does not rule 
out the possibility that such compounds may be acted upon by other en- 
zymes. 


TaBLeE II 
Action of Proteolytic Enzymes on y-Glutamylamino Acid Amides 


Substrate concentration, 0.05 mM; cysteine, 0.004 m; pH 5.0 (0.04 m citrate buffer); 
temperature, 37°. 


| 
| Protein N 


Enzyme | per ml. Substrate Time — 
‘s mg. | | hrs. per cent 

Cathepsin C 0.02 | Glycyl-u-phenylalaninamide | 1 | 34 
ae bee 

| 0.08 | y-u-Glutamyl-.-phenylalaninamide | 3 0 

| y-L-Glutamyl]-t-phenylalaninamide* 3 1 

| 0.08 | y-L-Glutamyl]-L-tyrosinamide 3 2 

| y-L-Glutamyl-.-tyrosinamide* 3 1 

Papain | 0.04 | Benzoyl-L-argininamide 1 | 65 
| y-L-Glutamylglycinamide 3 0 
y-L-Glutamylglycinamide* 3 0 

f Acetylglycinamide 3 0 

Ficin | 0.04 y-L-Glutamylglycinamide 3 0 











* pH 7.5 (0.04 m phosphate buffer). 


Consideration has been given to the possible presence, in proteins, of 
ureido linkages of the type found in carbonylbisamino acids (9). For this 
reason, it seemed desirable to test amides of the type CO(NH-CHR-CO— 
NH:)2, where R is H or the side chain of an amino acid, as potential sub- 
strates for proteinases. Several carbonylbisamino acid esters are known 
(9-12), and it was thought that the bis amides might be obtained from 
these by the usual ammonolysis reaction (13). The only previously known 
example of this class of compound, carbonylbisglycinamide, was prepared 
(9) by this reaction, with liquid ammonia in a sealed tube for the am- 
monolysis.* Liquid ammonia may be conveniently replaced by methanol 
saturated with dry ammonia at 0°, and carbonylbisglycinamide and car- 
bonylbis-L-glutamic acid tetraamide were easily prepared by this method. 


* Fischer (14) described the preparation of carbonylbisglycylglycinamide by the 
treatment of the corresponding ethyl ester with liquid ammonia. 
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Attempts to extend the synthesis to the L-leucine, L-phenylalanine, and 
L-tyrosine analogues led in each case to intramolecular cyclization with the 
formation of hydantoins, which, unlike the bis amides, remained dissolved 
in the methanolic ammonia. It is known from the work of Wessely et al, 
(12, 15, 16) and of Granacher and Landolt (9) that carbonylbisamino acids 
and esters show a tendency to cyclize under a variety of conditions. Ip 
the present case, it appears that the esters first cyclize to hydantoins con. 
taining an ester side chain, which then undergo ammonolysis to yield the 
isolated hydantoins with amide side chains. The latter stage would thus 
be analogous to the conversion 3-methyloxycarbonylmethyl-5-benzylhy- 
dantoin to 3-carbonamidomethyl-5-benzylhydantoin (9). Hydantoin am- 
ides have occasionally been isolated from the ammonolysis of acyl dipep- 
tide esters; e.g., the benzyloxycarbony] derivatives of t-phenylalanylglycine 
ethyl ester (6), L-methionylglycine ethyl ester, and L-leucylglycine ethy! 
ester (17) afforded hydantoin derivatives by elimination of benzyl alcohol 
and cyclization to the glycine N. 

In an enzymic study with cysteine-activated papain at pH 5.0, no libera- 
tion of ammonia was observed from carbonylbisglycinamide or carbonyl- 
bis-L-glutamic acid tetraamide. Moreover, the addition of carbonylbisgly- 
cinamide caused no observable change in the rate of the papain-catalyzed 
hydrolysis of benzoyl-L-argininamide at pH 5.0. In these experiments 
the liberation of NH,* was followed by Grassmann-Heyde titration, since 
the carbonylbisamides displayed an unexpected lability towards saturated 
aqueous potassium carbonate, thus vitiating the results of the Conway mi- 


NH(CHR)CO—NH; NH—CHR 
co — CO + NH; 
NH(CHR)CO—NH; Noo 


| 
(CHR)CO—NH; 


crodiffusion method. Carbonylbisglycinamide and carbonylbis-t-glutamic 
acid tetraamide were hydrolyzed by saturated potassium carbonate alone 
to the extent of 14 and 60 per cent respectively in 3 hours at room temper- 
ature. This lability of the amide group, which is not usually encountered 
with a-amides of amino acids and dipeptides, suggests that the ammonia 
liberation in this case is due initially to a base-catalyzed cyclization rather 
than to simple hydrolysis. 


EXPERIMENTAL 


Phthaloyl-u-glutamic Acid Anhydride—The material used in the prepara- 
tion of the dipeptide amides was prepared by the method of King and 
Kidd (4), except that the time for the hydrolysis of the intermediate 
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diethyl phthaloyl-L-glutamate was reduced to 75 minutes. The anhydride 
melted at 195-196°; [a];? —43.1° (3 per cent in dioxane). Hydrolysis of 
the anhydride afforded phthaloyl-u-glutamic acid of melting point 160—161° 
and [a> —48.3° (3 per cent in dioxane). 

Sheehan and Bolhofer (18) described a phthaloylglutamic acid an- 
hydride of unknown optical purity. Examination of this material pre- 
pared in our laboratory by fusion of L-glutamic acid (30 gm.) with phthalic 
anhydride (30 gm.) showed the anhydride (27.1 gm.) to have [a]?> —38.0° 
(3 per cent in dioxane). If the rotation of the pure L anhydride is taken 
to be [a], —43.1°, the product obtained by fusion is a mixture of 94 per 
cent of the L isomer and 6 per cent of the p isomer. 

y-L-Glutamyl-L-phenylalaninamide—A. solution of phthaloyl-u-glutamic 
acid anhydride (2.6 gm.) in dioxane (20 ml.) was added to 1.7 gm. of 
i-phenylalaninamide (m.p. 97°, prepared by ammonolysis of L-phenyl- 
alanine ethyl ester) dissolved in dioxane (20 ml.). The mixture was 
allowed to stand at room temperature for 24 hours, and was filtered and 
concentrated in vacuo below 40°. The residue was dissolved in dilute 
aqueous bicarbonate, and the solution was washed with ether and acidified 
to yield a non-crystalline phthaloyl dipeptide amide. Yield, 3.6 gm. (82 
per cent); decomposition 90-95° with evolution of gas. 


C22H2O6N;-H20 (441.4). Calculated, N 9.5; found, N 9.4 


A solution of the phthaloyl dipeptide amide (3.6 gm.) in 15 ml. of water 
containing 0.45 gm. of sodium carbonate was treated with 1 ml. of 55 per 
cent aqueous hydrazine, and the solution was left at room temperature for 
3days. The solution was acidified by the dropwise addition of 47 per cent 
hydriodic acid, phthalhydrazide (1.4 gm.) was collected by filtration, and 
the filtrate was concentrated in vacuo below 40°. The residue was dried 
by repeated addition of ethyl acetate followed by evaporation in vacuo, 
and then suspended in ethyl acetate. The insoluble hydrazine hydriodide 
(0.9 gm.) was removed by filtration, and the filtrate was concentrated 
in vacuo. A solution of the residue in water (25 ml.) was treated with 
silver carbonate (3 gm.) and the mixture was shaken for 30 minutes before 
filtering. The filtrate was concentrated in vacuo below 40° to yield a 
syrup which solidified on treatment with ethanol; it crystallized from 
aqueous ethanol in needles; m.p. 209° (decomposition). Yield, 1.7 gm. 
(67 per cent). 


CyH,,0,N;-H20. Calculated. C 54.0, H 6.8, N 13.5, carboxyl N 4.5 
(311.3) Found. “ 642, “ 64, “ 138.5, a "62 
[a}?# +31.3° (2% in 0.5 n HCl) 


On hydrolysis with 5 n HCl, 4.8 per cent ammonia N was liberated 
(theory 4.5). Paper chromatographic analysis (with 80 per cent phenol) 
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of the hydrolysate, after neutralization with silver carbonate, revealed two 
spots of Ry 0.78 and 0.25, corresponding to phenylalanine and glutamic 
acid respectively. In this solvent the unhydrolyzed material moved as a 
single component with Rr 0.79. 

y-L-Glutamyl-L-tyrosinamide—A solution of phthaloyl-t-glutamic acid 
anhydride (2.6 gm.) in dioxane (30 ml.) was added during 2} hours to a 
stirred suspension of L-tyrosinamide (4 gm.; 2.2 equivalents) in 100 ml. of 
dioxane. The mixture was warmed on a steam bath for 20 minutes, and 
filtered after standing at 0° for 12 hours. Evaporation of the filtrate in 
vacuo below 40° left a residue which was dissolved in dilute aqueous bi- 
carbonate, and, after filtration, the solution was acidified by the dropwise 
addition of 5 N hydrochloric acid. The gummy precipitate was washed 
with water by decantation and then dissolved in ethanol. Removal of the 
ethanol in vacuo at room temperature and by drying in a desiccator over 
sulfuric acid left an amorphous residue (3.5 gm., 80 per cent), m.p. 90-92° 
(decomposition, with evolution of gas), which was used in the next stage 
without further purification. 

The phthaloyl dipeptide amide (3.5 gm.) was dissolved in 15 ml. of 
water containing 0.42 gm. of sodium carbonate; 1 ml. of 55 per cent aqueous 
hydrazine was added and the solution was allowed to stand at room tem- 
perature for 4 days. The solution was acidified to about pH 2.0 by the 
dropwise addition of 47 per cent hydriodic acid, and filtered from phthal- 
hydrazide (1.2 gm.) after cooling to 0°. The filtrate was concentrated in 
vacuo below 40°, and treatment with ethanol yielded 1.7 gm. of a solid 
which was purified by precipitation from a concentrated aqueous solution, 
with several volumes of ethanol, at 0°. Yield, 0.9 gm. (35 per cent); m.p. 
207° (decomposition). 

Cy4HisOsN;-H,O. Calculated. C 51.4, H 6.5, N 12.8, carboxyl N 4.3 


(327.3) Found. “g7,°62,*128, « “ 3.9 
[a]% +20.4° (1% in water) 


On paper chromatographic analysis with 80 per cent phenol, y-1-glu- 
tamyl-L-tyrosinamide had an R, of 0.61; it contained a faint trace of glu- 
tamic acid. u-Tyrosinamide had an Ry of 0.84 when developed on the 
same chromatogram. On hydrolysis with 5 n hydrochloric acid, 3.8 per 
cent ammonia N was liberated (theory, 4.3). 

Phthaloyl-y-u-glutamylglycinamide—A solution of 1.7 gm. of glycinamide 
(13) in 25 ml. of hot chloroform was added gradually to a solution of 
phthaloyl-t-glutamic acid anhydride (6 gm.) in a mixture of dioxane (20 
ml.) and chloroform (50 ml.). The insoluble, amorphous solid was col- 
lected after 1 hour. Yield, 6.5 gm. (84 per cent); m.p. 86-88° (decomposi- 
tion, with evolution of gas). 


CisHis06N, (333.3). Calculated, N 12.6; found, N 12.8 
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y-L-Glutamylglycinamide—The protecting group was removed from 
phthaloyl-y-L-glutamylglycinamide (5.6 gm.) with hydrazine, as described 
above for the phenylalanine and tyrosine analogues. The acid filtrate 
(pH 5.0) from phthalhydrazide was concentrated in vacuo below 40°, and 
the residue was dried in a vacuum desiccator over sulfuric acid and sodium 
hydroxide. A solution of the residue in 10 ml. of water was diluted with 
20 ml. of ethanol and allowed to stand at room temperature, and then at 
0°. y-L-Glutamylglycinamide crystallized in needles; m.p. 213° (decom- 
position). Yield, 1.6 gm. (47 per cent). 
C;H,;3;30,N3. Calculated. C 41.4, H 6.4, N 20.7, carboxyl N 6.9 
(203.2) Found. “82 ~ €6, * 2a, a “ €s 
[a] +26.0° (3% in 0.5 n HCl) 
[a]® +9.4° (2.5% in water) 


Equivalent weight by Grassmann titration, found 195; 200 (theory, 
203.2). 

When developed on a paper chromatogram with 80 per cent phenol, 
y-L-glutamylglycinamide moved as a single component with R, 0.57, and 
glycine and glutamic acid showed Ry, values of 0.37 and 0.24, respectively. 

On hydrolysis with 5 N hydrochloric acid, 6.9 per cent ammonia N was 
liberated (theory, 6.9), and chromatographic analysis showed a 1:1 ratio 
of glutamic acid and glycine. 

The substance was also prepared by allowing a solution of phthaloyl-.- 
glutamic acid anhydride (5.2 gm.) in dioxane (25 ml.) to stand at room 
temperature for 48 hours after the addition of glycine ethyl ester (2.12 ml.). 
Removal of the dioxane in vacuo below 30° left a clear, hard gum which 
was not induced to crystallize, and was therefore dissolved in 100 ml. of 
methanol saturated at 0° with dry ammonia. The clear solution was 
evaporated to dryness in vacuo after standing 7 days at room temperature, 
and the crystalline residue was triturated with a little water. After filtra- 
tion from phthaldiamide (1.4 gm.), m.p. 219-220° (decomposition), crys- 
talline y-L-glutamylglycinamide was precipitated with ethanol at, 0°. 
Yield, 1.0 gm. (25 per cent, calculated on the anhydride); m.p. 213° (de- 
composition). 

[a]? +26.1° (3% in 0.5 n HCl) 
[a] +10.2° (3% in water) 

Carbonylbisglycine Diethyl Ester—This compound was prepared in 63 
per cent yield essentially as described by Fischer (10), except that 4 equiva- 
lents of triethylamine and 2 equivalents of glycine ethyl ester hydrochlo- 
ride (in saturated aqueous solution) were used instead of 4 equivalents of 
the free ester. Carbonylbisglycine diethyl ester crystallized from water in 
needles; m.p. 145-147° (Fischer (10) reported 144°). 

Carbonylbis-L-glutamic Acid Tetraethyl Ester—A solution of 8.7 gm. of 
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diethyl L-glutamate and 5.5 ml. of triethylamine in 50 ml. of toluene was 
cooled in a cold water bath and 20 ml. of a solution of phosgene in toluene 
(10 per cent weight by volume) were added slowly. The mixture was left 
at room temperature for 3 hours and, after dilution with anhydrous ether, 
triethylamine hydrochloride (5 gm.) was removed by filtration. The fil- 
trate was concentrated in vacuo below 40° to yield an oil which crystallized 
as the residual toluene evaporated. Recrystallization from ethyl acetate- 
petroleum ether afforded carbonylbis-L-glutamic acid tetraethyl ester in 
needles; m.p. 85-86.5°. Yield, 6.4 gm. (70 per cent). 
Ci9H3209N2 (432.5). Calculated, N 6.5; found, N 6.6 
[a]? +20.9° (3% in chloroform) 


Carbonylbis-L-phenylalanine Diethyl Ester—A mixture of L-phenylalanine 
ethyl ester hydrochloride (5 gm.), triethylamine (6 ml.), water (15 ml.), 
and ethyl acetate (200 ml.), treated with a solution of phosgene in toluene 
(16 ml., 10 per cent weight by volume), afforded 3.6 gm. (80 per cent) of 
the bis ester, which crystallized from ethyl acetate-petroleum ether in 
needles; m.p. 143-145°. [a]; +41.0° (3 per cent in ethanol). Wessely 
and Mayer (12) reported a melting point of 142.5° (corrected) and {a}! 
+42.28° (in ethanol). 

Carbonylbis-L-tyrosine Diethyl Ester—A suspension of finely powdered 
L-tyrosine ethyl ester (13.2 gm.) in ethyl acetate (100 ml.) was treated with 
a solution of phosgene in toluene (16 ml., 10 per cent weight by volume) 
and the mixture was shaken during 1 hour. After filtration from tyrosine 
ethyl ester hydrochloride (8.8 gm.), the filtrate was concentrated in vacuo 
below 40° to an oil which was readily soluble in ethanol. Carbonylbis-1- 
tyrosine diethyl ester crystallized from ethyl acetate-petroleum ether in 
colorless prisms; m.p. 138-139°. Yield, 3.6 gm. (53 per cent). The com- 
pound did not yield a color with the ninhydrin reagent. 


CosH07N2 (444.4). Calculated, N 6.3; found, N 6.3 
[a]?? +-43.8° (3% in ethanol) 


Ammonolysis of Carbonylbisamino Acid Esters—The general procedure 
for ammonolysis of the above esters consisted of dissolving 1 to 4 gm. of 
the ester in 100 ml. of methanol saturated with dry ammonia at 0°, and 
allowing the solution to stand at room temperature for the stated time. 
Carbonylbisglycinamide and carbonylbis-L-glutamic acid tetraamide sepa- 
rated from the solution and were collected by filtration. 

Carbonylbisglycinamide—A solution of carbonylbisglycine diethyl ester 
(6 gm.) in methanolic ammonia (600 ml.) yielded 4 gm. (89 per cent) of 
carbonylbisglycinamide, m.p. 228-229°, after 48 hours. Grinacher and 
Landolt (9) give m.p. 226—228° for the compound prepared by ammonoly- 
sis with liquid ammonia. 
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Carbonylbis-L-glutamic Acid Tetraamide—Ammonolysis of 3 gm. of the 
ester in 200 ml. of methanolic ammonia for 5 days afforded carbonylbis- 
i-glutamic acid tetraamide; m.p. 238° (decomposition). Yield, 1.8 gm. 
(82 per cent). The compound is very sparingly soluble in water and alco- 
hol. 


CyuHa»OsNe (316.3). Calculated, N 26.6; found, N 26.3 


$-(1-Carbonamido-3-methylbutyl)-5-isobutylhydantoin—The undistilled oily 
carbonylbis-L-leucine diethyl ester (9), prepared from 6 gm. of L-leucine 
ethyl ester hydrochloride by the method described for the L-glutamic acid 
analogue, was dissolved in 100 ml. of methanolic ammonia and kept at 
room temperature for 4 days. The clear solution was concentrated to 
dryness in vacuo. The residue was dissolved in ethyl acetate containing 
methanol, and crystallization afforded the hydantoin in needles; m.p. 
202-204°. Yield, 0.5 gm. (12 per cent from the ester hydrochloride). 
The hydantoin is very sparingly soluble in water. 


CisH230;N; (269.3). Calculated, N 15.6; found, N 15.6 


$-(1-Carbonamido-2-phenylethyl)-5-benzylhydantoin—A_ solution of car- 
bonylbis-L-phenylalanine diethyl ester (3.3 gm.) in methanolic ammonia 
(100 ml.) was kept for 48 hours at room temperature. Concentration in 
vacuo of the clear solution left a white solid residue, which was dissolved 
in a little methanol and diluted with petroleum ether. Crystallization 
afforded 0.9 gm. (32 per cent) of the hydantoin, m.p. 219-220°, which was 
very sparingly soluble in water. 


CipHisO3N;3 (337.4). Calculated, N 12.5; found, N 12.3 


$-(1-Carbonamido-2-p-hydroxyphenylethyl)-5-p-hydroxybenzylhydantoin— 
Ammonolysis of carbonylbis-L-tyrosine diethyl ester (2.6 gm.) in 100 ml. 
of methanolic ammonia for 3 days, followed by evaporation of the solvent 
in vacuo, afforded a gum. Extraction of the residue with boiling ethyl 
acetate gave 0.9 gm. of insoluble material, which was dissolved in methanol 
and diluted with petroleum ether. Crystallization afforded 0.4 gm. (18 
per cent) of the hydantoin; m.p. 217-219°. 


Ci9HigOsN; (369.4). Calculated, N 11.4; found, N 11.2 


Enzyme Experiments—The crystalline chymotrypsin was obtained from 
the Worthington Biochemical Laboratory. Cathepsin C was prepared as 
described previously (7), and had a specific activity [C. U.)oP ‘ of 11.0. 
Papain was prepared from crude papaya latex as described by Grassmann 
(19). Ficin was obtained from Merck and Company, Inc. Ammonia 
liberation during the enzyme experiments was determined by means of the 
Conway microdiffusion method (20). 
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SUMMARY 


y-L-Glutamylglycinamide, y-L-glutamyl-L-phenylalaninamide, and y-1- 
glutamyl-L-tyrosinamide have been prepared by the phthaloyl method. 
y-L-Glutamylglycinamide was found not to be a substrate for ficin at pH 
5.0 or for papain at pH 5.0 and pH 7.5. The phenylalanine and tyrosine 
compounds were hydrolyzed by chymotrypsin, although at a much slower 
rate than is glycyl-L-phenylalaninamide. 

Carbonylbisglycinamide and carbonylbis-t-glutamic acid tetraamide 
were examined as substrates for cysteine-activated papain with negative 
results. Attempts to extend the synthetic method to the preparation of 
the carbonylbis amides of t-leucine, L-phenylalanine, and .-tyrosine led 
instead to the formation of hydantoins. 
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PROTEINASE-CATALYZED TRANSAMIDATION AND ITS 
EFFICIENCY* 


By JACK DURELLf{ ann JOSEPH 8. FRUTON 


(From the Department of Biochemistry, Yale University, New Haven, Connecticut) 
(Received for publication, October 29, 1953) 


In a series of reports from this laboratory (1-7), it has been shown that 
proteinases (papain, ficin, beef spleen cathepsin C, and chymotrypsin) 
catalyze transamidation reactions of synthetic substrates with a variety of 
nitrogenous replacement agents, e.g. N'H;, hydroxylamine, amino acid 
amides, and peptides. The research reported in this communication was 
undertaken in an attempt to study the mechanism and kinetics of en- 
zymatic transamidation. As previously reported (2), the papain-catalyzed 
hydrolysis of benzoyl-L-argininamide (BAA) in the presence of hydroxyl- 
amine results in the formation of benzoyl-L-arginine (BA), ammonium ion, 
and benzoyl-L-arginylhydroxamic acid (BAH); the last named compound 
subsequently undergoes hydrolysis to form BA and hydroxylamine. In 


NH, 
NHCNH.+ 
NH, a 2 __ a (CH))s 
NHCNH:;* C.H,;CO—NHCHCO0O- + NH, 
(CH:)s NH: — NH.OH 
CdH,CO—NHCHCO—NuH, —~NH:0H, NHCNH:* | + H.0 
(CH); 

C.H,;CO—NHCHCO—NHOH + NH«¢ 


the present communication, a mechanism is postulated for these reactions, 
a theoretical formulation is deduced for the dependence of the concentra- 


* This investigation was aided by grants from the Rockefeller Foundation and 
from the American Cancer Society (on recommendation of the Committee on Growth 
of the National Research Council). The data in this paper are taken from the dis- 
sertation presented by Jack Durell to the Faculty of the Yale University School of 
Medicine in partial fulfilment of the requirements for the degree of Doctor of Medi- 
cine. 

t James Hudson Brown Junior Fellow of the Yale University School of Medicine, 
1950-51. 
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tion of BAH upon the extent of deamidation of BAA, and experimenta] 
data are reported in support of the theoretical formulation and on the 
effect of changes in pH and temperature on the efficiency of this trans. 
amidation system. The results with papain are compared with those ob- 
tained in the presence of crystalline trypsin. 


Theoretical Formulation 


The chemical processes A, B, and C represent the mechanism postulated 
in the system under consideration. E denotes the enzyme, while E-BAA 

















H.0 
. /— > E+ BA + NHC (A) 
E + BAA == E-BAA ‘ 
ks iH 
. \ E + BAH + NH, (B) 
4 
ks H.0 
E + BAH E-BAH ; E + BA- + NH.OH (c) 
‘ : 


and E-BAH represent the respective enzyme-substrate complexes, with no 
intended implications as to the structure of these complexes. The various 
subnumbered k’s represent the specific rate constants for the respective 
reactions. 

The following assumptions are implicit in the derivation: (1) One en- 
zyme, and indeed only one active site, is responsible for the catalysis of the 
formation of BAH and of the hydrolysis of both BAA and BAH. (2) The 
concentrations of the two enzyme-substrate complexes rapidly attain a 
steady state. (3) Only the uncharged molecules of hydroxylamine com- 
pete with water for “activated” BAA. Since the concentration of water 
remains essentially unchanged under the experimental conditions employed, 
only changes in the concentration of uncharged hydroxylamine need be 
considered for their effect on transamidation. (4) Transamidation due to 
liberated ammonium ions may be neglected because, in the pH range stud- 
ied (5.7 to 7.5), the concentration of uncharged ammonia is always small, 
and ammonium ions as such are ineffective in transamidation. (5) The 
direct. condensation of BA with hydroxylamine to form BAH may be 
neglected (2). 

The definitions of the symbols to be used in the derivation are as follows. 


i = time 

s = concentration of BAA 

x = concentration of BAH 

p = concentration of E-BAA 
q = concentration of E-BAH 
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e= total concentration of enzyme 

e— p — 7= concentration of free enzyme 

n= concentration of uncharged NH,OH 

m = concentration of ammonium ions 

$e, Zo, No... = 8,2,n..., whent = 0 

k,... ky = specific rate constants for reactions shown in A, B, and C 


The rates of change of the concentrations of BAA, BAH, E-BAA, and 
E-BAH are given in Equations 1 to 4, each of which takes account of the 
forward and reverse reactions involving the reactant in question. 


ds/dt = s’ = kop — ks(e — p — q) (1) 
dz/dt = x’ = kunp + keg — ksx(e — p — q) (2) 
dp/dt = ks(e — p — q) — kop — ksp — kanp (3) 
dq/dt = ksx(e — p — q) — keg — knq (4) 


Substituting Equation 1 into Equation 3 gives 
dp/dt = — (ks +. kn) p _ s’ (5) 
At the steady state, dp/dt = dq/dt = 0, and, from Equations 3 and 4, 


ks(e — p — q) = (ke + ks + kin)p (6) 
ksx(e — p — q) = (ke + kr)q (7) 


From Equation 5 it follows that, at the steady state, 
p= —s'/(k; + kn) (8) 


Substituting Equation 8 into Equation 6 gives 


—(ke + ks + kan)s’ 
7-9 o> een ©) 


Substituting Equation 9 into Equation 7 and solving for q give 


ie —(ke “+ ks + kan)k sas’ (10) 
kis(ks + kan) (ke + kz) 





q 
Since, at the steady state, kiq = ksx(e — p — q) — keg, it follows from 
Equations 2 and 8 that 


F —kyns’ 
z= ; — 
ks a kan 








kiq (11) 


Substituting Equation 10 into Equation 11, replacing s’ and x’ by ds/dt 
and dz/dt, respectively, and multiplying by dt give 
—kands (ke + ks + kan)kskrads 


dz = aE Snes 12 
. k3 + kan + kis(ks + kan)(ke + kz) us 
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If k2 K (ks + kan) and kp < ky} 
<a. Sam 


ds « 
7 thn hs (13) 





If we define A = k;/k, and C = k,/ks, and substitute for n the term (1 
— x), 


is —C(no — z)ds Azds 


vee eS es ee (1) 


The relationship n = (m — 2) applies only to the situation in which no 
BAH is present initially (%) = 0); under other circumstances, n = m — 
“he Xo. 

The solution of the differential Equation 14 should express as a function 
of s. An explicit solution could be obtained only for the special case in 
which the maximal value attained by z is small compared to m. This 
situation applies to the experiments with trypsin, to be described later in 
this communication, but does not apply to most of the experiments in 
which papain was the catalyst. In calculating the predicted values for the 
experiments with papain, the values of x were obtained directly from 
Equation 14 by numerical integration. 

For the special case tmax. K m, Equation 14 reduces to a linear differen- 
tial equation, a general solution of which is 


a (: 4 (: (: 1 
ony (1 + Cno)(1 — A) So as So +* So (15) 


For most of the experiments with papain, it was found that this approxima- 
tion introduced an error of as much as 10 per cent in the predicted maximal 
values of « compared to the values obtained directly from the differential 
Equation 14 by numerical integration. 


Methods 


The general procedure employed in the conduct of the enzyme experi- 
ments was similar to that described previously (2). Unless otherwise 
stated, the concentration of substrate (BAA) was 50 um per ml. of test 
solution, the buffer mixture contained 0.025 m phosphate and 0.025 m 
citrate, and 0.025 m cysteine was used as the activator for papain. The 
addition of components was made in the following order: substrate, water, 


1 The specific rate constants, kz and ks, both apply to the monomolecular dissocia- 
tion of an enzyme-substrate complex. Although there is no direct evidence that in 
the papain-catalyzed system these reactions are slower than the bimolecular reac- 
tions undergone by the respective complexes, there is evidence from work with cata- 


lase (8) and with carboxypeptidase (9) that the spontaneous dissociations of enzyme- 


substrate complexes are slow reactions. 
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buffer, hydroxylamine, and cysteine. After temperature equilibration, the 
enzyme was added, the volume (2.5 to 10 ml.) was adjusted with water, 
and a zero time sample was withdrawn for the determination of ammonia 
(by the Conway microdiffusion technique) and of hydroxamic acid (by the 
ferric chloride reaction). Duplicate aliquots (0.1 to 0.5 ml.) of the re- 
action mixture were withdrawn at intervals, and the results of each pair of 
determinations were averaged. 

The papain preparation had been obtained by the method of Grassmann 
(10). The crystalline trypsin was a commercial preparation obtained from 
the Plaut Research Laboratory. 

Benzoyl-L-argininamide hydrochloride was prepared as described previ- 
ously (11). Attempts were made to synthesize benzoyl-L-arginylhydrox- 
amic acid by treatment of the corresponding ester with a methanolic so- 
lution of hydroxylamine containing an excess of KOH. The resulting 
material gave a strong color test for hydroxamic acid with FeCl;; all at- 
tempts to crystallize the product failed, however. Although the syrupy 
material was obviously unsatisfactory for the determination of the molar 
absorption of the ferric complex of BAH, it was suitable for evaluating A, 
as described below. 

The concentration of BAH was determined colorimetrically (2) at 555 
my with a Bausch and Lomb colorimeter. It was assumed that the molar 
absorption of BAH is the same as that of benzoyl-L-alanylhydroxamic acid, 
an assumption justified by previous work on the molar absorption of several 
hydroxamic acids of acylamino acids (2). 


Determination of A 


As defined above, A = (k;/ki). To determine this constant experi- 
mentally, it was necessary to consider the special case in which the enzyme 
is incubated with BAA and BAH, but NH,OH is omitted from the re- 
action mixture (vm = 0). It follows from Equations 5 and 11 that, at the 
steady state, 


= —k3p (16) 


s’ 
z’ —kiq (17) 


If it is assumed that k. << k; and ke < k;, from Equations 6 and 7 it follows 
that 


kys(e — p — q) = ksp (18) 
ksx(e — p — gq) = king (19) 


Hence 


s'/z' = kys/ksx = s/Az (20) 
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Rearranging and taking the integral of each side give 


A / ds/s = [ a/2 (21) 


A = log (20/z)/log (s/s) (22) 


Solving for A gives 


In Table I are shown the results of twoexperiments todetermine A (ks/k;) 
for the papain-catalyzed system. In all, four such experiments were per- 
formed, and the ratio (x%9/s)) was varied over a 4-fold range. The results 
of all the experiments agreed within less than 5 per cent and the average 
value of A so determined was 0.63. 


TABLE I 
Determination of A for Papain-Catalyzed Hydrolysis of BAA and BAH 
Papain concentration 0.12 mg. of protein N per ml., temperature 37°, pH 7.1. 





| l | 
Experiment No.| Time | $s x m 














Log (s/so) | Log (x/xo) | A 
| min. aa per ml.\um per ml.\um per ml. | | | 
1 0 | 30.0 | 7.20 | o | | | 
25 | 20.5 | 5.64 9.5 | —0.165 | -0.107 | 0.65 
52 14.2 | 4.42 | 15.8 | —0.326 | -0.212 | 0.65 
79 9.2 | 3.45 | 20.8 | —0.513 | -0.318 | 0.63 
2 0 | 0.0 | 3.31 | o | | 
22 | 39.3 | 2.52 | 20.7 | -0.184 | -o.118 | 0.64 
49 22.6 | 1.79 | 37.4 | —0.424 | ~0.267 | 0.63 
| 7% | 1.8 | 1.29 | 48.2 | —0.706 | —0.410 0.58 





The fact that a pure sample of BAH was not used does not seem to have 
caused an appreciable error in the determination of (ks/k;). Most prob- 
ably, the impurities were competitive inhibitors of papain, if they were 
inhibitors at all; thus they would alter the rates of hydrolysis of BAA and 
BAH alike, and cause no change in (ks/k;). This reasoning is confirmed 
by the fact that a 4-fold change in the ratio (x/s) gave essentially the 
same value for A. The concentration of NH2sOH formed during the hy- 
drolysis of BAH could not have interfered appreciably with the determina- 
tion of A. 

A priori, one cannot be certain that the ratio (ks/k;) has the same value 
in the presence of NH.OH as it has in the absence of this inhibitor of 
papain; there is no assurance that hydroxylamine inhibits both ks and hy 
to the same degree. It was found experimentally that, when BAA and 
BAH were hydrolyzed in separate vessels, NH2OH was more effective in 
inhibiting the hydrolysis of BAA. However, this effect does not appear to 
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be significant when both substrates are together in the same vessel. It 
will be shown later in the present communication that the value of A ob- 
tained in the absence of added NH,OH may be used to predict accurately 
the results in the presence of NHsOH. Moreover, calculations with values 
of A substantially different from 0.63 do not lead to agreement with the 
experimental results. Thus it appears that the value of A is unchanged by 
the presence of hydroxylamine. 


TaBLeE II 
Determination of r for Papain-Catalyzed Transamidation 


Papain concentration 0.06 mg. of protein N per ml., hydroxylamine hydrochloride 
50 uM per ml., temperature 37°, pH 7.5. 














Time | m x x/m | tf | r = fx/m 
i. oc uM per ml. on per “a | 7 a is 
37 2.8 | 0.81 | O29 | 10 | 0.30 
77 6.0 ie i. 1.04 0.26 
127 9.1 2.19 | 0.24 | 1.07 0.27 





Determination of C 


As defined above, C = (k,/k3). For the experimental determination of 
the ratio, it was found convenient to define a quantity, r. 
kyno Cno 


Oe hohe 6 + oe (23) 





By examining the chemical equations representing the postulated mech- 
anism of transamidation, it can be seen that r represents the ratio of the 
rate of formation of BAH to the rate of deamidation of BAA at the start 
of the reaction, when nm = m. In the beginning of a transamidation ex- 
periment, before much of the newly formed BAH has undergone hydrolysis, 
the ratio of the concentrations of BAH and of ammonium ion approximates 
r. If one multiplies this ratio («/m) by f, representing the calculated cor- 
rection factor due to the small amount of hydrolysis of BAH that has oc- 
curred, a more accurate value of r should be obtained. Five experiments 
were performed with different values of mo, and with low enzyme content, 
so that the data in the initial range could be accurately obtained. The 
values of f were calculated from the theoretical equation by using the value 
of A = 0.63; in no case was it necessary to use a value of f larger than 1.07. 
Table II contains the data for one experimental determination of r. 
Table III is a tabulation of the five experiments conducted to determine 
(k4/ks); the value of this ratio was calculated by means of the equation 
C = r/m(1 — r). It can be seen from Table III that the value of C (7.5 
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X 10-*) is essentially independent of m over a greater than 5-fold variation 
in m. C may also be determined graphically, if the values of r/(1 — r) 
are plotted against m (Fig. 1). 


TaBLe III 


Determination of C for Papain-Catalyzed Transamidation 
Temperature, 37°. 





Segpene pH Enzyme, protein oat ‘ rfl — 1) Cc 
ee Se ate Pe a 
| mg. | wae per ml. | | (uae oa 
1 7.46 0.04 | 24.0 0.153 0.181 7.8 
2 7.25 0.032 | 17.3 | 0.125 | 0.144 | 8.3 
3 7.52 0.06 49.0 0.27 0.37 7.6 
4 7.45 0.06 70.0 | 0.32 | 0.47 6.7 
5 7.50 0.08 97.0 0.41 0.70 7.2 
PGES 6 cons 7.5 


* Calculated on the assumption that the hydroxylammonium ion has a pK’ = 6.0 
under the conditions of these experiments. 





0.77 
0.674 
0.57 
r 0.45 
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Fie. 1. Graphic determination of C for papain-catalyzed transamidation. The 
enzyme concentration (in mg. of protein N per ml.) was varied between 0.022 and 
0.40, to give suitable reaction rates. @, pH 7.4 and 37°; X, pH 5.75 and 37°; O, pH 
7.4 and 27°; ©, pH 7.5 and 47.1°. The three straight lines are the best fit for the 
origin and the three kinds of circles used as symbols. 
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Experimental Test of Theoretical Formulation 


By use of the values ks/k, = 0.63 and ki/k; = 7.5 X 10-, it is possible 
to obtain theoretical curves for x as a function of (s/so) for different values 
of m, by substitution into the differential Equation 14, and numerical 





10- 














10 08 06 04 02 O 
%o 
Fig. 2. Experimental test of theoretical equations. Curves 1, 2, and 3 were ob- 
tained from Equation 14 by numerical integration with values of A = 0.63, C = 7.5 
X 10-3, and no values of 97, 48.5, and 24.2 um per ml., respectively. Curve 4 was 
obtained from Equation 15 with values of A = 9.4, C = 0.52 X 107%, and no = 244 
uM per ml. @, mo = 97 um per ml. and papain, 0.60 mg. of protein N per ml.; X, no 
= 48.5 um per ml. and papain, 0.12 mg. of protein N per ml.; O, no = 24.2 um per 
ml. and papain, 0.08 mg. of protein N per ml.; ©, no = 244 um per ml. and trypsin, 


0.035 or 0.075 mg. of protein N per ml. In all the experiments, the temperature was 
37° and the pH 7.4 to 7.5. 


integration. Three such curves are plotted in Fig. 2 for different values of 
m in the papain-catalyzed system. The experimental data are plotted in 
Fig. 2 for comparison with the appropriate theoretical curves. It will be 
seen that the agreement between the experimental points and the theo- 
retical curves is satisfactory in Curve 2 (no = 48.5 wm per ml.) and Curve 3 
(nm = 24.2 wm per ml.), and only slightly less so in Curve 1 (m = 97 uM 
per ml.). 
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Effect of pH on Papain-Catalyzed Transamidation 


Two transamidation experiments were conducted at pH 5.75 to deter. 
mine the values of r and C for comparison with the results near pH 7.4, 
At the same stoichiometric concentration (0.05 m or 0.10 m) of hydroxyl. 
amine, less BAH is formed for a given amount of deamidation of BAA at 
pH 7.4. The average value of C for the two experiments is 8.2 x 107 
differing only slightly from the value obtained at pH 7.4. The values of 
r/(1 — r) obtained at pH 5.75 are plotted on Fig. 1 and lie close to the 
straight line drawn through the points obtained at the higher pH. Ap- 
parently, in the range studied, a change in pH does not alter (k4/k3), and 
affects transamidation only by altering the concentration of the nucleophi- 
lic replacement agent (2). 


Effect of Temperature on Papain-Catalyzed Transamidation 


The value of (ks/k3;) was determined at 27° and at 47°, under the same 
conditions as those employed previously, except for changes in enzyme con- 
centration to compensate for the changes in the reaction rate. The results 
are plotted in Fig. 1 for comparison with the data at 37°. The value of (C 
obtained at 27°, 9.3 X 10-%, is significantly higher than the value obtained 
at 47°, 5.8 X 107%, and the value obtained at 37° is approximately the 
mean of these two values. Thus, while both hydrolysis and transamida- 
tion are accelerated by a temperature increase, the rate of the former in- 
creases to a greater extent; this result indicates that the energy of activa- 
tion of hydrolysis is approximately 4.5 kilocalories greater than the energy 
of activation of transamidation. 


Trypsin-Catalyzed Transamidation 


Parallel studies of the transamidation of BAA with hydroxylamine were 
conducted with trypsin as the catalyst instead of papain. The constant 
(ks/k:) was determined for this system in the manner described for the 
papain-catalyzed system, and the values obtained in three experiments 
were 9.5, 9.1, and 9.5 (average, 9.4); these were obtained over a 4-fold range 
of the ratio (2/s0). 

The value of (k4/k3) was determined in the usual manner, except that in 
two of the four experiments aliquots double the usual size were used in the 
determinations; this increased the accuracy of measurements in the initial 
course of the experiment in which the concentrations of ammonium ions 
and BAH were low. The measurements were restricted to the earliest 
part of the experiments to minimize f, which was large because of the high 
value of A. The results are given in Table IV; the average value of C is 
0.52 X 10-*. Because n decreased only slightly in the trypsin-catalyzed 
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experiments, it was possible to use the explicit solution of the differential 
equation (Equation 15) in determining the theoretical curve for x as a 
function of (s/s). By use of the values A = 9.4, C = 0.52 X 10-%, and 
tm = 244 um per ml., the theoretical Curve 4 in Fig. 2 was calculated; the 
experimental data are plotted as points for comparison with Curve 4. 

It will be noted that, even at concentrations of hydroxylamine consider- 
ably higher than those obtaining in the papain-catalyzed experiments, the 
concentration of BAH measured was much lower in the trypsin-catalyzed 
experiments. Two factors appear to account for this difference. First, 
the smaller value of (k4/k;) shows that, at a given concentration of hy- 
droxylamine, trypsin is only 7 per cent as efficient as is papain in catalyzing 


TABLE IV 
Determination of C for Trypsin-Catalyzed Transamidation 
Temperature 37.2°, pH 7.4. 





























, | - 

ee - ~ oo ade = | r/( — 71) Cc 
| mg. uM per ml. | (um of al 

1 0.03 | 98 0.046 | 0.048 0.49 

2 | 0.035 98 0.047 | 0.049 0.50 

3 | 0.035 244 0.096 0.106 0.44 

4 0.015 | 295 0.16 | 0.19 0.65 
ee | | | 0.52 


* Calculated on the assumption that the hydroxylammonium ion has a pK’ = 6.0 
under the conditions of these experiments. 





the formation of BAH. Second, the larger value of k;/k, shows that the 


newly formed BAH is hydrolyzed more rapidly by trypsin than by papain 
at pH 7.4 (2). 


DISCUSSION 


The data presented above are not offered in proof of the postulated 
mechanism of the transamidation reaction studied in these experiments; 
other mechanisms would result in a formally identical equation describing 
the over-all reaction. Indeed, it cannot be expected that data obtained 
solely from steady state measurements could eliminate other possible re- 
action mechanisms. For example, the assumption of a non-enzymatic 
bimolecular reaction for each of the two hydrolyses, and for the trans- 
amidation, would give Equation 14; however, it has been amply demon- 
strated experimentally that, under physiological conditions, the reactions 
proceed at measurable rates only when catalyzed enzymatically. At the 
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other extreme, one may assume a different enzyme for each of the three 
chemical reactions and derive the same expression if one assumes that al] 
the enzymes are operating in the first order range, and all are inhibited to 
the same degree by hydroxylamine; the weight of evidence, however, 
favors the hypothesis that only one enzyme catalyzes all three reactions, 

Even if a single enzyme with a single active site is assumed to catalyze 
three reactions, it is still possible to postulate various detailed mechanisms 
and to derive the same mathematical expression. Essentially, all such 
mechanisms have in common two competitive steps, the first a competi- 
tion between substrate (BAA) and the newly formed transamidation prod- 
uct (BAH) for the active site of the enzyme, the second a competition be- 
tween water and a replacement agent (the free base, NH.OH) for the 
“activated” substrate. For example, one may assume that water and 
NH.OH first compete for an active site on the free enzyme, and that the 
complex thus formed subsequently reacts with the substrate. An alterna- 
tive possibility is that E-BAA reacts with hydroxylamine to form a ter- 
nary complex. Other work in this laboratory has shown that papain ex- 
hibits stereochemical specificity not only with respect to the substrate, but 
also with respect to the replacement agent (6). This may be considered 
to favor the transient formation of a ternary complex such as that to be 
expected in the reaction of E-BAA with hydroxylamine. 

If any other consistent reaction mechanisms were postulated, the con- 
stant A, defined above as the ratio (k;/k:) of the rate constants for the 
formation of enzyme-substrate complexes from free enzyme and BAH and 
BAA respectively, would have the same significance as before. Although 
A might represent a ratio between formally different rate constants, it 
would still be a measure of the comparative rates of hydrolysis of substrate 
and of transamidation product. Similarly, the constant C, here defined as 
the ratio (k4/k3) of the rate constants for the reaction of NH.OH and 
water with the enzyme-substrate complex, would have the same signifi- 
cance as before; it would represent the competition between the replace- 
ment agent and water, and would be a measure of the true efficiency of 
transamidation at a standard concentration of an effective nucleophilic 
replacement agent. In studying the effect of any changes in the experi- 
mental conditions on transamidation, it is the evaluation of C that is of 
most interest, for this gives a direct measure of the efficiency of the trans- 
amidation process under the new conditions. 

The value of C for the papain transamidation (7.5  10-*) permits one 
to predict that, at a concentration of NH.OH of 0.133 m, 50 per cent of the 
molecules of BAA undergoing deamidation would be transamidated and 50 
per cent would be hydrolyzed. Since the concentration of water is 55.6 M, 
it appears that NH.OH is 420 times more efficient in its reaction with the 
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enzyme-substrate complex than is water. It will be of interest to deter- 
mine the value of C for systems in which replacement agents other than 
hydroxylamine are used. Indications have been obtained in this labora- 
tory to show that, when amino acid amides or peptides are used, the value 
of this ratio may be considerably larger and thus favor transamidation 
over hydrolysis, in some cases to virtually 100 per cent transamidation 
(7). 

Of especia! interest is the fact that, for the same set of chemical reac- 
tions, the value of C in the presence of papain as the catalyst is 14 times as 
great as the value in the presence of trypsin. This indicates that trans- 
amidation is not merely a simple competition between water and a replace- 
ment agent for ‘‘activated” substrate molecules, but rather one in which 
the enzyme takes an active part. Thus, although two enzymes such as 
trypsin and papain act on substrates of similar structure, they exhibit 
large differences in their specificity toward replacement agents. It remains 
to be seen whether the superiority of intracellular proteinases over digestive 
proteinases as catalysts of transamidation will prove to be a general phe- 
nomenon. 


SUMMARY 


A quantitative study has been made of the papain-catalyzed hydrolysis 
and transamidation of benzoyl-L-argininamide (BAA) in the presence of 
hydroxylamine, and the data were compared to theoretically predicted 
results. The theoretical equation was derived on the assumption that one 
active enzymatic site is responsible for the hydrolysis of BAA and of 
benzoyl-L-arginylhydroxamic acid (BAH), as well as for the transamida- 
tion. The curves so obtained were in satisfactory agreement with the 
experimental data over a 4-fold range of hydroxylamine concentration. 

Studies of the effect of pH on the papain-catalyzed reactions have shown 
that the efficiency of transamidation is approximately the same at pH 
5.75 as at pH 7.5, provided the concentration of an effective nucleophilic 
replacement agent is the same. In the system studied, only the uncharged 
hydroxylamine serves as a replacement agent. 

A study of the effect of temperature (range, 27-47°) on the papain- 
catalyzed system has indicated a greater efficiency of transamidation at 
lower temperatures; the energy of activation of hydrolysis is approxi- 
mately 4.5 kilocalories greater than the energy of activation of trans- 
amidation under the conditions of these experiments. 

For comparison with the papain-catalyzed system, trypsin was used as 
the enzymatic catalyst in the BAA-hydroxylamine reactions. The data 
showed that the efficiency of transamidation is lower in the presence of 
trypsin, and that the newly formed BAH is hydrolyzed more rapidly. 
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AMINO ACID COMPOSITION OF CRYSTALLINE 
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Departments of Biological Chemistry and Medicine, University of Utah 
College of Medicine, Salt Lake City, Utah) 
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The crystalline carboxypeptidase of bovine pancreas has been intensively 
studied with respect to its enzymatic specificity, kinetics, and mode of 
action (1-3). In addition, some of its physical properties have been de- 
scribed (4, 5). In view of the interest in this enzyme, it is obviously de- 
sirable that as complete information as possible be obtained regarding its 
composition and structure. A first study from this laboratory (6) was 
concerned with the free amino groups and the N-terminal peptide sequence 
of this enzyme. The present report describes its amino acid composition 
as estimated by chromatographic separation on the sulfonated polystyrene 
resin, Dowex 50, by the procedure of Moore and Stein (7). No previous 
study of the amino acid composition of this protein has been published. 

Early in the present work, two difficulties were encountered in attempt- 
ing to obtain a nearly complete summation of the amino acids in this pro- 
tein. First of all, it was observed that hydrolysis at 105° with 6 n HCl 
for 18 to 24 hours did not produce complete breakdown of the protein, 
since many peptides appeared on the chromatogram. Secondly, although 
longer periods of hydrolysis produced, within detectable limits, complete 
hydrolysis of the protein, there was marked loss of certain amino acids. A 
reasonably satisfactory estimation of the amino acid composition was 
achieved by the use of different times and conditions of hydrolysis. Some 
of the problems of determining the amino acid composition of proteins are 
discussed. 


EXPERIMENTAL 


Recrystallized pancreatic carboxypeptidase of bovine origin (8), prepared 
in this laboratory or elsewhere,! was recrystallized several more times to 
attain satisfactory levels of enzymatic activity (3) and tested for physical 


* This investigation was aided by research grants from the National] Institutes 
of Health, United States Public Health Service, and by a grant from the Armour 
Laboratories. 

‘Purchased from the Worthington Biochemical Sales Company, Freehold, New 
Jersey. Some samples were received from the Armour Laboratories, Chicago, IIli- 
nois, through the generosity of Dr. E. E. Hays. 
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homogeneity in the electrophoresis apparatus (5) and in the ultracentrifuge 
(4). Such preparations were homogeneous by these physical criteria, | 


Two of the samples were also employed by Thompson (6) for the study 
of the N-terminal peptide sequence. 

The hydrolysis of the protein was performed in sealed tubes of thick 
Pyrex glass in an oven at 105° with approximately 500 volumes of 6 x 
hydrochloric acid which had been redistilled in glass three times. In pre. 
liminary work, the hydrolysis was done in the presence of air; this resulted 
in the formation of large amounts of insoluble black humin. In all the 
studies reported herein, the hydrolysis was performed in sealed tubes 
evacuated to about 12 mm. pressure under the above conditions. This 
procedure resulted in the formation of little or no insoluble humin and the 
hydrolysates were colorless or a light yellow. Excess HCl was removed 
by repeated concentration in vacuo at 40—50°; the hydrolysate was washed 
into a volumetric flask and made up to volume with glass-distilled water, 
A crystal of thymol was added as a preservative. The amount of protein 
was estimated by duplicate micro-Kjeldahl analyses on aliquots of the hy- 
drolysates. The N content of the anhydrous ash-free protein was found to 
be 15.4 per cent, which is somewhat higher than the value of 14.4 per cent 
reported by Anson (8). 

Two samples of carboxypeptidase were oxidized with performic acid 
before hydrolysis. To 20 mg. of protein, there were added 0.9 ml. of 87 
per cent formic acid and 0.1 ml. of 30 per cent hydrogen peroxide. After 
30 minutes at room temperature, the resulting solution was repeatedly con- 
centrated under reduced pressure and quantitatively transferred to the 
glass tube used for the hydrolysis which was performed anaerobically as 
described above. 

The chromatography of the hydrolysates was performed on columns of 
Dowex 50 essentially as described by Moore and Stein (7). A 0.9 xX 10 
‘em. column was used for the acidic and neutral amino acids and a 09 
xX 15 cm. column for the basic amino acids with the buffers previously 


specified. With the samples of resin available to us it was found that the | 


rate of emergence of the amino acids was somewhat faster on the long 


column and slower on the short column, although the order was identical | 


with that given by Moore and Stein. Separation of glycine and alanine 
was not as good, but that of isoleucine and leucine, and of tyrosine and 
phenylalanine, was somewhat better than expected (see Figs. 1 and 2). 
Identification of most of the peaks was obtained in control experiments 
with known amino acid mixtures. In addition, proline was readily identi- 
fied by its distinctive color with ninhydrin (9), and, as expected, tyrosine 
and methionine were largely destroyed after oxidation with performate. 
Aliquots of certain fractions were also identified on paper chromatograms. 
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Dowex 50 was added to the fraction and allowed to stand for 1 hour. The 
resin was then washed twice with distilled water and the amino acids eluted 
with 2 N ammonium hydroxide. The ammonia was removed by evapora- 
tion over sulfuric acid. The residue in a drop of water was then put on the 
paper. The methionine fraction isolated in one run was also identified by 
running one aliquot on a paper chromatogram and testing another with a 
specific colorimetric method (10). 

Fractions (1 ml.) were collected on a Technicon automatic fraction col- 
lector equipped with a drop-counting device. The samples were analyzed 
by the photometric ninhydrin procedure of Moore and Stein (9).2. Read- 
ings of optical density were made with a Coleman junior spectrophotome- 
ter. When density values greater than 1.0 were encountered, the samples 
were diluted in order to make the determinations in the range in which 
optical density is proportional to concentration. The color values for the 
amino acids given by Moore and Stein (7, 9) were employed in calculating 
the yields of amino acids; independent checks were made here for all the 
amino acids encountered. The integration for each amino acid was per- 
formed by simple addition of the color yields after subtracting the base-line 
color near the amino acid peak. Recoveries of glutamic acid were cor- 
rected for the 3 per cent loss estimated to occur on the Dowex 50 column 


(7). 
Results 


Evidence for the incompleteness of the hydrolysis for 20 to 24 hours was 
obtained in terms of variations in the base-line of the effluent curves and 
the presence of asymmetrical peaks apparently resulting from residual pep- 
tides, mainly in the region between valine and tyrosine. These artifacts 
diminished on more prolonged hydrolysis; with the 36 hour hydrolysate, 
relatively few of these minor peaks remained, and, after 70 hours, only 
traces of these could be detected. At the same time, increased recoveries 
of valine, isoleucine, and leucine were obtained. Some of the results ob- 
tained on the long column with samples hydrolyzed for 20 and 7@ hours are 
shown for comparison in Fig. 1. Since it is known that many peptides 
give only small color y‘elds with ninhydrin when compared with free amino 
acids, a quantitative estimation of these peptides is impossible. 

The presence of peptides may produce such variations in the base-line of 
ninhydrin color that the assignment of a base line for a discrete peak may 
be subject to considerable error. The difficulties are, of course, greatest 
with those amino acids present in small amounts and large errors may 

* At the high altitude of this laboratory (water boils at 93°), it was found neces- 


sary to heat the samples with the ninhydrin reagent for 30 minutes instead of the 20 
minutes recommended (7). 
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result. When a longer hydrolysis time does not produce an increased 
amount of amino acid, the results of the 20 hour hydrolysis may be used 
with confidence; e.g., the yields of glycine, alanine, tyrosine, and phenyl- 
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Fig. 1. Elution curves obtained by chromatography of carboxypeptidase hydroly- 
sates on a 0.9 X 100 cm. column of Dowex 50. The regions of the curves shown illus- 
trate the differences in results found after hydrolysis for 20 hours and for 70 hours. 
The values plotted on the ordinate are the measured optical densities of the nin- 
hydrin colors with no correction for base-line color or the different color yields of the 
amino acids. The values on the abscissa are the number of 1 ml. fractions eluted. 
The 20 hour hydrolysate contained 1.90 mg. of protein and the 70 hour hydrolysate 
1.80 mg. Noteworthy points of comparison are as follows: The smoother base-line 
values found after hydrolysis for 70 hours, particularly in the region after elution of 
leucine. The peak of ‘‘methionine’”’ at 20 hours, which appears to be multiple in 
nature, becomes symmetrical after 70 hours and its area corresponds to the recovery 
of 1 methionine residue per mole of protein, and the increased recoveries of leucine 
and, more strikingly, of isoleucine and valine obtained after hydrolysis for 70 hours. 
GLY = glycine, ALA = alanine, VAL = valine, MET = methionine, ILEU = iso- 
leucine, LEU = leucine, TYR = tyrosine, PHE = phenylalanine. 


alanine do not change significantly between 20 and 70 hours of hydrolysis 
of carboxypeptidase. 

In Figs. 2 and 3 the results obtained after 70 hours of hydrolysis with 
both long and short columns are shown. 

Since serine and threonine are progressively destroyed under the condi- 
tions of acid hydrolysis, it was desirable to obtain values for these on the 20 
hour samples. Fortunately, it is known that peptide bonds involving 
serine, threonine, and aspartic acid are among those most readily hy- 
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Fie. 2. Elution curves for a 70 hour hydrolysate of carboxypeptidase on a 0.9 X 


100 em. column of Dowex 50. 


base-line colors but not for the different amino acid color yields. 


The ninhydrin color yields have been corrected for 


The color pro- 


duced by proline was read at 440 my, and that produced by the other substances at 


570 mp in a Coleman junior spectrophotometer. 


For the run shown, 1.80 mg. of pro- 


tein hydrolysate were used. ASP = aspartic acid, THR = threonine, SER = serine, 
GLU = glutamic acid, PRO = 
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Fic. 3. Elution curves for the basic amino acids and ammonia for a 70 hour hy- 


drolysate on a 0.9 X 15 em. column of Dowex 50. 


Base-line color has been sub- 


tracted, but no correction was applied for the color yields of the different amino acids. 
For this run, 5.40 mg. of protein hydrolysate were used. 
arginine. 


lysine, ARG = 


HIS = histidine, LYS = 
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drolyzed (11, 12) and it is to be expected that these amino acids are com. 
pletely liberated after hydrolysis for 20 hours. The results obtained show 
a linear decrease with time in the recovery of aspartic acid, threonine, 
serine, and lysine (Fig. 4). The recovery of ammonia increased with 
longer times of hydrolysis. The results given in Tables I and IT as values 
extrapolated to zero time were calculated by the method of least squares, 
The losses estimated from the data in Tables I and II for a 24 hour hy- 
drolysis are given in Table III, together with our findings on hydrolysates 
of papain obtained in the same manner (13). These data show that ap- 
parent destruction factors obtained for two proteins in the same laboratory 
by the same procedures differ somewhat. This is perhaps not too uney- 
pected, since, in both instances, amounts recovered decrease linearly with 
time. This means that percentage losses at a given time may depend on 
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Fic. 4. The effect of time of hydrolysis on the recovery of certain amino acids | 


and ammonia. The values are given as gm. of residue recovered per 100 gm. of pro- 
tein. The lines were calculated by the method of least squares. 


the initial amino acid content as well as on unknown factors. It should be 
noted that carboxypeptidase contains approximately twice the amount of 
serine and threonine as that found for papain (13), and that much smaller 
destruction factors were found for the latter protein. The average destruc- 
tion factors found by Rees (14) are given for comparison. 

We have made no attempt, as yet, to determine the fate of the aspartic 
acid which progressively disappears. It may be noted that a or 8 de 
carboxylation would yield either a-alanine or 6-alanine. No significant 
change in a-alanine recovery was found between 20 and 70 hours. From 
the studies of Moore and Stein (7), 8-alanine would be eluted from the short 
column between the tyrosine + phenylalanine peak and histidine. It was 
not detected in any of our experiments. 

As shown in Table I, the yields of glutamic acid and proline are esser- 
tially constant after hydrolysis for 20 hours. For other amino acids eluted 
from the long column, several points should be noted. At 20 hours, low 
results were obtained for leucine. The yields of isoleucine and valine were 
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obviously incomplete on short hydrolysis and increased with longer times. 
This was to be expected from earlier studies on compounds in which the 
carboxyl group of isoleucine or valine is coupled in peptide linkage (11, 12, 


TaBLE I 
Amino Acid Recoveries from Carboxypeptidase Hydrolysates 

The data are given as gm. of amino acid residue per 100 gm. of anhydrous, ash- 
free protein. The N content of the protein was found to be 15.4 per cent. The 
values for aspartic acid, serine, and threonine in the last column were obtained by 
extrapolation to zero time of hydrolysis. Other values omitted from the averages 
are given in parentheses. Hydrolysates B and C (20 hours) were prepared after 
oxidation of the protein with performic acid. 








Time of hydrolysis 


Amino acid residue 20 hrs. | aes, 
i a . —| 36 hrs. 70 hrs. 

| Hydro- Hydro- | Hydro- | 
| lysate A _ lysate B | lysate C | 





Aspartic acid. . 9.42 9.40 10.04 | 9.67. | 8.55 | 8.58 10.12 + 0.22* 
Threonine... seul Oe 7.37 | 7.26 | 6.72 | 5.61 | 5.76 | 7.82 + 0.10 
ee eee | 7.44 7.57 | 7.52 | 7.19 | 5.51 | 5.58 | 8.36 + 0.09 
Glutamic acid... | 9.48 9.40 | 9.72| 9.61 | 8.57 | 9.35 | 9.36 + 0.26 
Proline ....| 3.08 | (2.75) | 3.08] 3.07 | 3.08 | 3.17 | 3.00 + 0.04 
Glycine fiscal ae 4.08 | 3.76 | 3.67 | 3.93 | 3.85 + 0.12 
Alanine ; paw “See 3.97 4.07 3.89 | 4.26 | 4.12 + 0.17 
| ee | (4.23) | (3.89) | (4.44) | 4.65 | 4.78 4.72 + 0.06 
Methionine . soe} GD | (1.17) | 0.39 0.39 | 0.39 + 0.00 
Isoleucine........ (4.77) | (4.66) (5.91) | 6.63 | 6.56 6.60 + 0.04 
Leucine ; (7.59) | (7.17) 8.03 8.04 | 8.28 | 8.12 + 0.11 
Tyrosine. . . 9.69 (0.7) 9.10 8.91 | 9.57 | 9.32 + 0.41 
Phenylalanine.......| 6.08 | (4.04) 6.63 6.46 | 6.35 | 6.38 + 0.17 
Cystinef....... 0.69 0.68 0.69 
Tryptophanf. .. 3.30 + 


* Average deviations. 
t Measured as cysteic acid but calculated as cystine. 
t Estimated colorimetrically by the method of Sullivan and Hess (15). 


16-18), and from other work on the hydrolysis of proteins, notably that of 
Harfenist and Craig (19) on insulin. 

Only traces of cystine or of cysteic acid could be detected in any of the 
hydrolysates of the unoxidized protein (for cystine, see the region in Fig. 1 
between alanine and valine) and this amino acid was probably largely 
destroyed during the hydrolysis. Prior oxidation with performate gave 
approximately 1 residue of cystine in the form of 2 residues of cysteic acid 
which emerged unretarded at the effluent volume of the column, about 20 
to 25 ml. From the sulfur content of carboxypeptidase, 0.47 per cent, 


aweeaae 
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reported by Anson (8), it is evident that only 5 sulfur atoms are present, proxi 
and that the methionine and cystine (or cysteine) content of this protein § in ex 
must be small. With short hydrolysis (20 to 36 hours), a precise estimg.— of 17 
tion of methionine was impossible, since a number of peptides emerged hydrc 
from the column between valine and isoleucine. The “methionine peak” It s 
was highly asymmetrical and the estimates of approximately 1.1 per cent § with: 
can be regarded only as a possible upper limit (see Fig. 1). After hydroly.f pepti 
sis for 70 hours, 0.39 per cent of methionine was obtained equivalent to} (7), 
almost exactly 1 residue per mole of carboxypeptidase. Since the ap.§ per ¢ 
parent decrease of methionine between 36 and 70 hours of hydrolysis was Th 
matched by increases in the recovery of valine and isoleucine, it may be} This 
suspected that valine or isoleucine peptides emerged from the column with 
methionine and were hydrolyzed during the longer time of hydrolysis, 

In a single run, after performate oxidation followed by hydrolysis for 70 
hours, the methionine peak disappeared, but a new small peak appeared The 


immediately preceding aspartic acid. The yield of this new peak was 0.24 nicks 
per cent, calculated as methionine, and it emerges at the position of methi-> g. 4 
onine sulfoxide (private communication from Dr. Moore and Dr. Stein). | —— 
This run, which is omitted from the data in Table I, gave the same yield 

of cysteic acid (0.68 per cent) as did the 20 hour runs after oxidation. The 

recoveries of tyrosine (0.4 per cent) and phenylalanine (5.2 per cent) were Histid 
low, but those of the other amino acids were essentially the same as those} Lysine 


found after hydrolysis for 70 hours without prior oxidation. Sanger and} Ammo 
Tuppy (20) had previously noted the modification of tyrosine produced | Argini 
by performic oxidation. Essentially similar results were obtained with the 
complete run after hydrolysis for 20 hours (Hydrolysate B). It may be 
noted that all the eluting buffers used on the 100 cm. column contained for th 
the antioxidant recommended by Moore and Stein (7). As might be ex- ame 
pected from the study of Toennies and Homiller (21), and the work o might 
Sanger and Tuppy (20) on insulin, there is no significant effect on the} 5.79 
aliphatic and dicarboxylic amino acids. om * 

The analytical results for the basic amino acids and ammonia are given x 10 
in Table II. With the 24 hour hydrolysate, approximately 7 residues d i. | 
histidine were found, whereas almost 8 residues were estimated in the 71 one | 
hour hydrolysate. It is very likely that some of the histidine is bound to} Re 
isoleucine or valine, since there is no reason to suppose that peptide bonds i 
containing histidine are resistant to acid hydrolysis. Apparently arginine 





“A 


; SB Studie 

is completely liberated in 24 hours and is unaffected by the longer timed The 

hydrolysis. ., 

, a ata a j Peptic 

The apparent linear loss of lysine with increasing time of hydrolysis wa weigh 
somewhat surprising. Extrapolation by the method of least squares ind: 

*Ur 


cates an initial residue weight of 6.85 per cent lysine; this represents ap 
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proximately 18 residues of this amino acid in carboxypeptidase. This is 
in excellent agreement with Thompson’s results (6); he obtained an average 
of 17.5 residues estimated from the recovered e¢-dinitrophenyllysine after 
hydrolysis of the protein treated with 1,2 ,4-dinitrofluorobenzene. 

‘It should be mentioned that, in control experiments on the short column 
with an amino acid mixture made up to simulate a hydrolysate of carboxy- 
peptidase, excellent recovery values, similar to those of Moore and Stein 
(7), were obtained. These were as follows: 102 per cent phenylalanine, 97 
per cent histidine, 101 per cent lysine, and 102 per cent arginine. 

Thompson’ has found an amide ammonia content of 0.954 per cent. 
This represents a residue weight of 0.90 per cent and 19.4 amide groups 


TaBie IT 
Basic Amino Acids of Carboxypeptidase 


The data are given as gm. of amino acid residue per 100 gm. of anhydrous, ash- 
free protein. The average value for histidine is for the 70 hour hydrolysate. The 
lysine and ammonia values were obtained by extrapolation to zero time of hydroly- 
sis. The values in parentheses are omitted from the average. 














’ Time of hydrolysis | Aovenap 02 
Residue ™ eee gs Sees - extrapolated 
24 hrs. | 36 hrs. 70 hrs. | 
Histidine........ | (2.65) | (2.65) | (2.83) | 3.16 | 2.98 | 3.07 + 0.09* 
ae 6.25 | 6.40 | 6.12 | 5.21 | 5.50 | 6.85 + 0.10 
Ammonia (NH2) | 1.26 | 1.17 | 1.29 | 1.36 | 1.68 | 1.05 + 0.08 
ER stcnsccscccscceren| Se | 4.32 | 4.56 | 4.67 4.62 | 4.54 + 0.09 


* Average deviations. 


for the protein. Recovery of ammonia from the complete hydrolysates 
was somewhat higher (1.05 per cent). The amount of ammonia which 
might be expected from the losses of serine and threonine after hydrolysis 
for 70 hours is 5.2 X 10-* mole per 100 gm. of protein. The higher of our 
two values estimated for ammonia in the 70 hour hydrolysates gives 4.9 
X 10 mole more than that expected from the amide content. These 
data suggest that ammonia in excess of the amide content results largely 
from the destruction of serine and threonine, in agreement with the studies 
of Rees (14). Our data for papain (13) are also in excellent agreement with 
this conclusion, and indicate that the correction factors found in our 
studies are reasonably correct. 

The present results appear to account for the composition of carboxy- 
peptidase, since the recovery of the amino acids is in accord with the total 
weight and nitrogen recovery within the over-all precision of the technique 


* Unpublished observations. 
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used. The greater recovery of nitrogen as compared with that of weight | 


suggests that some overestimation of amino acids of high nitrogen content 
has been made. The value taken for the N content (15.4 per cent) wil] 
not influence the sum of the N recovery, since the same figure was used in 
estimating the protein content of the hydrolysates and in computing the 
recovery. The weight recovery is in good accord with the observed N 
content of the protein and suggests that unknown constituents cannot be 
present in significant amounts. 


Composition of Carboxypeptidase 


It is evident from these studies, as well as from those of others, ey | 
Harfenist and Craig (19), that a single set of hydrolytic conditions cannoj | 


be used to obtain a complete picture of the amino acid composition of g 


TaB_e III 
Apparent Destruction Factors during Hydrolysis 


The data are given as percentage loss of amino acids in 24 hours calculated from | 


the extrapolated value for the initial content of amino acid (zero hydrolysis time) 








Amino acid Papain | Carboxypeptidase Data of Rees (14) 
cilaiieaiiapindiasaiyagaiiananaie sities ———— | ———_—— a 
a eB Ce eee 6.1 11.1 10.5 
|S SRSRED Tein eenrey | 3.0 10.5 5.3 
a ne 1.8 None 
i ee ears ree 3.5 5.0 


Lysine...... Peer re eee ? ae 


protein. The apparent loss of certain amino acids on hydrolysis requires 
the estimation of destruction factors which appear to vary with different 
proteins. In addition, it is now generally recognized that many peptide 


bonds involving certain amino acids, e.g. isoleucine and valine, are difficult f 


to hydrolyze. These amino acids may, of course, be coupled to any of the 
other amino acids present in the protein and such residues will be incon- 
pletely recovered when the hydrolysis is incomplete. For carboxypepti- 
dase, the low recoveries of leucine and histidine after hydrolysis for 20 to 
24 hours should probably be ascribed to this. These amino acids appear 
to be completely liberated from papain in 20 hours (13). 


In Table III we have summarized present estimates of the composition | 
of carboxypeptidase. The molecular weight of 34,300 obtained by physical 


4 Hirs, Moore, and Stein (private communication) have found some loss of tyro- 
sine during acid hydrolysis. Our data for this amino acid (Table I) are somewhat 
equivocal on this point and we have used the average recovery which may be a little 
low. 
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TaBLe IV 
Composition and Molecular Weight of Carboxypeptidase 

a of sia N as | ss Assumed yore 

Aminonct imen'| Mone (dias n| metre [mol we | acl | fen 
protein protein 34,400 
Aspartic acid. ...... | 10.12 | 11.70 8.00 | 1,137 | 34,110 30 30.3 
Threonine. .... | 7.82 9.21 7.03 | 1,293 | 34,911 27 26.6 
Serine. ....... 8.36 | 10.09 8.73 | 1,042 | 34,386 33 33.1 
Glutamic acid..... | 9.36 | 10.67 6.60 | 1,379 | 34,475 25 | 25.0 
Proline. ....... | 3.09 3.66 2.89 | 3,142 | 34,562 11 | 11.0 
Glycine... .. used S881 Cael ae | 1,482 | 34,086 | 23 | 23.2 
Alanine....... a Se 5.16 5.27 | 1,726 | 34,520 20 20.0 
OS ee 4.72} 5.58 | 4.33 | 2,100 33,600 16 16.4 
Methionine. .. 0.39 0.44 0.27 | 33,641 | 33,641 1 1.02 
Isoleucine...... 6.60 7.65 5.30 | 1,714 | 34, 280 20 20.1 
Leucine. . 8.12 9.41 6.53 | 1,393 | 34,825 25 24.7 
Tyrosine... . ...-| 9.32] 10.35 5.20 | 1,751 | 35,020 20 19.7 
Phenylalanine........| 6.38 7.16 3.94 | 2,307 | 34,605 15 14.9 
Histidine............| 3.07 | 3.47 | 6.10 | 4,469 | 35,752| 8 7.7 
ae seach Ae 7.81 | 9.72! 1,872 | 33,696 18 18.4 
Ammonia......... 0.90* 0.95*| 5.07 | 1,777 | 33,763 19* 19.4* 
Arginine............ 4.54 5.06 | 10.57 | 3,441 | 34,410 10 10.0 
Tryptophan....... 3.30 | 3.62 | 3.22] 5,639 | 33,834 6 6.1 
eee 1.19 1.40 | 1.06 | 17,160 | 34,320 2 2.01 
a's ic eas. 0: 9,8 8% 101.20 | 117.50 | 105.96 34,440f| 310 310.2 

34, 360§ 




















* These values are omitted from the totals. 

+ These values were calculated by subtracting the measured methionine sulfur 
(0.095 per cent) from the total sulfur (0.47 per cent) on the assumption that the 
difference, 0.375 per cent, represents cystine sulfur. 

t The average from the content of tryptophan, proline, histidine, arginine, and 
methionine. 

§ The average for all the values given. 


measurements’ is in good agreement with the recoveries on the Dowex 50 
columns of proline, histidine, arginine, and methionine, the amino acids 
which are present in the smallest amounts. In addition, tryptophan was 
determined by the colorimetric method of Bates (23) as modified by Sulli- 


5 The given value for the molecular weight based on sedimentation-diffusion meas- 
urements was erroneously calculated as 33,800 in the original paper (4), but was sub- 
sequently corrected (1) to 34,300. These computations were based on an assumed 
partial specific volume (V) of 0.75. From the composition of carboxypeptidase given 
in Table IV, V has been computed by the method of Cohn and Edsall (22) as 0.732. 
Incorporation of this value in the Svedberg formula yields a slightly lower calculated 
molecular weight of 32,000. 
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van and Hess (15); the yield of almost exactly 6 residues is also in good 
agreement with this molecular weight. The average molecular weight 
calculated from the amounts of these five amino acids is 34,440 + 462. 

Table IV shows the number of residues of each amino acid calculated 
for the average value of 34,440 as follows: Threonine, serine, aspartic acid, 
and lysine were estimated by extrapolation to zero time of hydrolysis, 
For the other amino acids, the values of Tables I and IT not in parentheses 
were used. The amide ammonia value obtained by Thompson! is given jn 
Table IV. 

The cystine content given in Table IV is the value calculated from the 
sulfur content of 0.47 per cent on the basis of our estimation of 1 residue 
of methionine per mole of carboxypeptidase. If it is assumed that all the 
sulfur in carboxypeptidase is present as methionine and cystine, the rp. 


TABLE V 
Ionic Groups of Carboxypeptidase 

















No. of groups No. of groups 

Aspartic acid 30 Arginine 10 
Glutamic ‘“ 25 Lysine 18 
Terminal carboxyl 1 Histidine 8 

|———_—_| Terminal a-amino 1 

56 
Amide groups —19 
Total anionic groups | 37 Total cationic groups 37 








covery of cysteic acid after performate oxidation, under our conditions, 
yielded only half the expected amount of cysteic acid. 

The data in Table IV yield a total of 312 amino acid residues when each 
cystine is considered as 2 residues. The average residue weight is 34,440 
divided by 312 or 110.4. 

Carboxypeptidase has a single N-terminal a-amino acid, asparagine (6), 
and a single C-terminal residue (Thompson*). From this information and 
the data in Table IV, the number of acidic and basic groups is given in 
Table V. From the equal numbers of these groups, it is evident that the 
isoelectric point of carboxypeptidase should be near a pH value at which 
the imidazole groups of histidine are in the cationic form. The measured 
isoelectric point of pH 6.0 (5) is in excellent agreement with the analytical 
findings. It is striking that carboxypeptidase has an equal number of 
acidic and basic groups and that all of these groups are fully ionized at the 
isoelectric point, a situation which may be expected for any protein with an 
isoelectric point near pH 6. 





Th 
althot 
of the 
methi 
tion ¢ 
creati 
and I 
terize 


We 
feller 
ods, a 
and a 


Th 
has b 
prote: 
acid | 
hours 
isoleu 
serine 
be mé 

Fre 
prote! 
the ce 
worth 
resid 
nine. 


PON Poe Ne 
y 
oq 


good 
eight 
62. 

lated 
acid, 
lysis, 
heses 
en in 


n the 
sidue 
J] the 
1e Te- 


oups 








E. L. SMITH AND A. STOCKELL 513 


The composition of carboxypeptidase reveals no really unique features, 
although the content of aliphatic hydroxy amino acids is high, 60 residues 
of the total of 312 being estimated for the protein. The low content of 
methionine and cystine is also noteworthy. Comparison of the composi- 
tion of carboxypeptidase with that of other proteolytic enzymes and pan- 
creatic proteins given by Brand in the monograph of Northrop, Kunitz, 
and Herriott (24) reveals no obviously significant features which charac- 
terize either the proteolytic enzymes or the proteins of pancreatic origin. 


We should like to thank Dr. 8. Moore and Dr. W. H. Stein of The Rocke- 
feller Institute for Medical Research for advice on the use of their meth- 
ods, and Mrs. Adrienne R. Thompson and Dr. E. O. P. Thompson for help 
and advice in this investigation. 


SUMMARY 


The amino acid composition of crystalline pancreatic carboxypeptidase 
has been determined mainly by chromatography of hydrolysates of this 
protein on the sulfonated polystyrene resin, Dowex 50. Analyses, after 
acid hydrolysis for different times, reveal that short hydrolysis (20 to 24 
hours) gives an incomplete recovery of certain amino acids, e.g. valine and 
isoleucine, whereas longer hydrolysis (70 hours) produces marked losses of 
serine, threonine, aspartic acid, and lysine. Correction for these losses can 
be made by extrapolation of the weight recoveries to zero hydrolysis time. 

From the composition of carboxypeptidase, the molecular weight of this 
protein is 34,440, in good agreement with physical determinations. All of 
the common amino acids are found in carboxypeptidase. The most note- 
worthy features are the low content of sulfur-containing amino acids (1 
residue of methionine) and the relatively high content of serine and threo- 
nine. 
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CRYSTALLINE PAPAIN 
I, PREPARATION, SPECIFICITY, AND ACTIVATION* 


By J. R. KIMMEL anv EMIL L. SMITH 


(From the Laboratory for the Study of Hereditary and Metabolic Disorders, and the 
Departments of Biological Chemistry and Medicine, University of Utah 
College of Medicine, Salt Lake City, Utah) 


(Received for publication, November 3, 1953) 


The proteolytic enzymes of papaya latex have been known for many 
years and have been extensively investigated (1,2). However, until Balls 
and coworkers reported the crystallization of papain (3, 4) and chymo- 
papain (5) from fresh papaya latex, only crude or partially purified prepara- 
tions were studied. The preparative procedures of these investigators 
have not been extensively applied because of the scarcity and high cost of 
fresh papaya latex. As a result, few studies have been made of crystalline 
papain, especially since it has not been generally possible to obtain the 
crystalline enzyme from commercial dried latex. 

We have been able to prepare crystalline papain in good yield from a 
source of commercial dried papaya latex, but it should be emphasized that 
not all commercial products have given satisfactory results in our hands. 
This first paper describes in some detail the method of obtaining crystalline 
papain. Although much of the procedure is that of Balls and Lineweaver 
(4), it is obviously desirable, for an enzyme which has stimulated so much 
interest, to have the complete preparative scheme in one place. The 
preparation of a crystalline mercury derivative of papain (mercuripapain) 
and an analysis of some factors influencing the activity of the enzyme are 
also given. 

It was previously shown (2) that partially purified preparations of 
papain hydrolyze many types of synthetic peptide derivatives; similar 
results have now been obtained with the crystalline enzyme. Papain also 
has a powerful esterase activity and in this respect resembles the animal 
proteinases, trypsin and chymotrypsin, but differs from them in possessing 
an essential sulfhydryl group and in not being inhibited by diisopropyl 
fluorophosphate. 

Later reports in this series will be concerned with additional physical 


* This investigation was aided by research grants from the National Institutes of 
Health, United States Public Health Service. 


t Postdoctoral Fellow of the American Cancer Society, recommended by the Com- 
mittee on Growth of the National Research Council. 
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and chemical properties of this enzyme (6-8), and with its specificity and 
kinetics on simple synthetic substrates. 


Method of Assay 


Assays of papain activity were performed by the alcohol titration tech- 
nique of Grassmann and Heyde (9). Reaction mixtures contained 0.05 y 
substrate, 0.02 to 0.04 m citrate at pH 5.5, 0.005 m cysteine, 0.001 m Versene 
(ethylenediaminetetraacetic acid dihydrate), and enzyme, all in a total 
volume of 2.5 ml. The substrate was a-benzoyl-L-argininamide (BAA) 
which is deamidated by papain. The reactions were run at 39°. 

1 ml. of 0.125 m BAA and 0.5 ml. of 0.1 or 0.2 m buffer were mixed and 
brought to bath temperature. An appropriate amount of enzyme was 
dissolved in an aqueous solution of 0.05 m cysteine and 0.01 m Versene at 
pH 5 to 7. The solution of enzyme was brought to bath temperature, 
0.25 ml. was added to the substrate-buffer mixture, and the whole was 
diluted to volume and mixed. Aliquots (0.2 ml.) were removed and ti- 
trated for carboxyl groups immediately after mixing and at appropriate 
times thereafter. 

The hydrolysis of BAA by papain is a first order reaction under the con- 
ditions of assay (10). Specific activity (Ci) is expressed as K, (first order 
rate constant calculated in decimal logarithms) per mg. of protein nitrogen 
per ml. of reaction mixture. Protein nitrogen was estimated by the tur- 
bidimetric method of Biicher (11) with crystalline papain as the standard, 
The nitrogen content of the standard papain solutions was determined by 
a micro-Kjeldahl method. 


Isolation and Crystallization 


A few modifications of the preparative procedure of Balls and Line 
weaver (4) have been necessary in order to obtain crystalline papain from 
commercial dried latex in satisfactory yield. As obtained from the sup- 
plier,! the dried latex consists of fairly large, hard particles which must be 
ground to a fine powder for successful extraction.? Extraction of activity 
into aqueous solution is best accomplished at pH 5.5° instead of at pH 61, 
as described by Balls and Lineweaver for fresh latex. Description of a 
typical preparation follows. The procedure has now been applied many 
times with little variation of yield. 

The dried papaya latex (180 gm.), 100 gm. of Celite, and 150 gm. of 
washed sand are mixed in a mortar and ground thoroughly with 200 to 30 


1 Wallerstein Company, Inc., 180 Madison Avenue, New York. 

2 We are indebted to Dr. Alonza Johnson for informing us of the importance of 
the grinding procedure in the extraction of papain from dried latex. 

? All pH measurements were made at room temperature with a Cambridge pH 
meter, research model. 
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ml. of 0.04 m cysteine. This solution is made by dissolving 6.3 gm. of 
eysteine hydrochloride in 1000 ml. of 0.054 n NaOH. This contains an 
excess of alkali in order to bring the aqueous extract to pH 5.5. 

The suspension is allowed to settle and the supernatant fluid decanted. 
The extraction and grinding are repeated with another 300 ml. portion of 
the cysteine solution; this is decanted as before and the mortar is washed 
with the cysteine solution until a total volume of 1 liter has been used for 
extraction and washings. The resulting suspension is stirred well and 
filtered on a large Biichner funnel with mild suction through a 0.5 cm. 
layer of Hyflo Super-Cel on Whatman No. 1 filter paper. The filtrate 
(Fraction 1) is opalescent, greenish yellow and should be near pH 5.5. 

Fraction 1 is adjusted to pH 9.0 with approximately 110 ml. of n NaOH 
which is added slowly with stirring. A fine gray precipitate appears which 
is removed by centrifugation at 2600 r.p.m. for 1 hour. The supernatant 
fluid (Fraction 2) should be clear. The precipitate consists of denatured 
protein which cannot be redissolved for assay. 

Fraction 2 is brought to 0.4 saturation with solid ammonium sulfate 
(250 gm. per liter). A white precipitate appears and the suspension is 
allowed to remain for 1 to 2 hours at 4°. The precipitate (Fraction 3) 
is then removed by centrifugation at 2500 r.p.m. for 1 hour and the super- 
natant solution (Fraction 3a) discarded. The precipitate is washed once 
with 400 to 500 ml. of cold ammonium sulfate solution (250 gm. per liter) 
and separated by centrifugation as before. 

Fraction 3 is redissolved in 600 ml. of 0.02 m cysteine (pH 7 to 7.5) and 
60 gm. of solid sodium chloride are added slowly. Papain is precipitated 
as a fine white solid by this procedure. This suspension is allowed to stand 
for 1 hour at 4°; it is then centrifuged in the cold for 1 hour at 2500 r.p.m. 
and the supernatant fluid (Fraction 4a) is discarded. 

The solid material from above (Fraction 4) is suspended in 400 ml. of 
0.02 m cysteine at pH 6.5. A slight rise in pH generally occurs when the 
protein is added to the cysteine solution; therefore it is necessary to adjust 
the suspension to pH 6.5. At room temperature the suspension develops 
a marked crystalline sheen in about 30 minutes; it is then kept overnight 
at 4°. The light crystals (Fraction 5) are removed by centrifugation at 
2000 to 2500 r.p.m. for 4 to 5 hours. The supernatant fluid (Fraction 5a) 
may be discarded. More material will crystallize from this solution, but 
the over-all increase in yield is insignificant. 

Information concerning the various fractions is summarized in Table I. 
The assays were all performed with BAA as the substrate. The increase 

‘Alternatively, a Waring blendor has been used successfully for the extraction of 


the dried latex. Yields and activities were almost identical with those given for the 
preparation described above. 
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in total activity observed in Fraction 2 as compared to Fraction 1 has been § salting 
repeatedly observed and is probably due to the removal of inhibitor, — (4). 

The major portion of activity remains in Fraction 3a and is the materia] Cry 
not precipitated by 0.4 saturation with ammonium sulfate; this is the “high § if vie\ 
salt fraction” from which Jansen and Balls (5) were able to crystallize — suspet 


chymopapain. Lyopk 
Recrystallization—This is performed as described by Balls and Line | terial 
weaver (4). Fraction 5 is dissolved in the minimal amount of distilled The 
water (protein concentration about 1 per cent) at room temperature and recrys 
crude 

TaBLeE I As pr 

Isolation of Crystalline Papain from Dried Papaya Latex purifi 


A representative run giving yields and activities obtained with 180 gm. of dried) that ¢ 
latex. The proteolytic coefficients (C:) were determined with benzoyl-.-arginin. 
amide as substrate at 39° and at pH 5.5 in the presence of 0.005 m cysteine and 0.00 
mM Versene. The units of activity are calculated by multiplying the C, value by the 
total amount of protein N in the fraction. 























Fraction No.* Volume Total protein _| tate: Total activity 

mil. gm. units 

1 770 45 0.19 1300 

2 860 43 0.23 | 1500 
3 13 0.30 580 Fie 
3a* 735 36 | 0.25 =| 1470 dried | 
4a* 530 | 8 = Bae 215 saliée 
5 Crystals 2.1 | 0.84 270 of pap 

5a* 400 | 3.8 0.12 72 

6 2 recrystallizations is 1.06 | 190 
ey VERA ae? SNC acti Sie of 1.2 
* Fractions 4a and 5a are discarded. Fraction 3a is saved for the isolation of fF same 
chymopapain. The 
does 1 


10 ml. of saturated sodium chloride per 300 ml. of protein solution ar papai 
added very slowly with stirring. When about 75 per cent of the salt} electr 
solution has been added, the enzyme will begin to crystallize from the} obtai 
solution at room temperature. The resulting suspension is allowed to} (B), 
stand overnight at 4° and the crystals are removed by centrifugation a | worth 
described above for Fraction 5. has k 
After two recrystallizations (Fraction 6) the specific activity of the en- | homo 
zyme is 1.06 and approximately 70 per cent of the activity in Fraction 5%) purifi 
recovered with a yield of about 1.2 gm. Further recrystallizations by the ‘1. 
same procedure do not significantly alter the specific activity. Prepara- stitut 
tions with a specific activity of 1.15 to 1.20 have been obtained by crystal F  coulg 
lizing Fraction 6 as a mercury complex (see below). The c1 
Papain may also be recrystallized by solution in 70 per cent ethanol and § ‘tied! 
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been | salting-out with lithium sulfate or lithium chloride as previously described 
jitors, (4). 

terial Crystals of papain prepared as described above appear as minute needles 
‘high | if viewed under high magnification (400 X). When stored as a packed 
allie) suspension at 4°, no detectable loss of activity occurs for about 60 days. 
Lyophilization results in no loss of activity, but acetone-ether-dried ma- 
Line | terial is virtually insoluble in water and apparently inactive. 

stilled The over-all increase in specific activity from the first extract to the 
e and) recrystallized enzyme is less than 6-fold. Since only 25 per cent of the 
erude latex is soluble, the total increase in activity is less than 25-fold. 
As previously noted (4) for papain obtained from fresh latex, the over-all 
purification is not high, but the specific activity compares favorably with 
f dried} that of the animal proteinases. In fact, papain has a C; value for BAA 





Fic. 1. Electrophoretic patterns of clarified crude extracts of fresh (A) and 
dried (B) papaya latex. The runs were performed at pH 4.0 in acetate buffer at 0.1 
jonic strength for 205 minutes (A) and 225 minutes (B). The peak marked p is that 
of papain. 


of 1.20 as compared to a C; of about 0.04 for crystalline trypsin on the 
tion of | same substrate (12) at a lower temperature (25°). 

The extent of purification judged from activity measurements on BAA 
does not give a completely valid estimate, since both papain and chymo- 
matey papain act on this substrate. A better estimate may be obtained from 
e salt} electrophoretic measurements. Fig. 1 shows the electrophoretic patterns 
m the} obtained on clarified fresh latex® (A) and on Fraction 1 of the dried latex 
red tof (B). Estimates of mobility and area are given in Table II. It is note- 
jon a | worthy that the two preparations are very similar. Component 1, which 
| has been identified as papain itself from studies (6) on the crystalline 
he en- | homogeneous protein, represents 6 to 7 per cent of the migrating area; the 


on5i8} purification from Fraction 1 is, therefore, about 16-fold. The over-all 
by the 


epara- 
rystal- 





'We are indebted to Dr. M. L. Tainter of the Sterling-Winthrop Research In- 
stitute for supplying us with a sample of frozen papaya latex. Crystalline papain 
could be readily obtained from this by the procedure of Balls and Lineweaver (4). 
The crystalline papain obtained from frozen material was identical with that from 
1ol and § dried latex in specific activity, electrophoretic mobility, and sedimentation constant. 
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yield of Fraction 6 (papain crystallized three times) is 44 per cent of the 
papain present in Fraction 1. 

Fractions rich in “chymopapain” (5), which contain more than 90 pe 
cent of Component 3, have been prepared from Fraction 3a; this com. 
ponent may be identified tentatively as this enzyme. Such preparation; 
are about one-fifth as active as papain on BAA; chymopapain is being 
studied further. 


Mercuripapain 


Further purification of papain has been accomplished by its crystallizg. 
tion as a mercury derivative. It should be noted that Warburg and Chris. 
tian (13) obtained enolase as a crystalline mercury complex, and Hughes 
(14) has taken advantage of the ability of sulfhydryl groups to bind mer. 


TABLE II 
Electrophoretic Components of Papaya Latex* 


The measurements were performed in 0.1 ionic strength acetate buffer at pH 40. 
The mobilities (4) have been multiplied by 10° cm.? per volt per second. 





Component 1 Component 3 


(papain). {Component 2.} (chymo- Component 4. | Component §, 


w= +8.6 to | u = +9.6t0 
+8.9 

















»p=+40to| »=+5.5 |papain). » = 
+43 +6.9 to +7.2 +91 
per cent per cent per cent per cent per cent 
“Dem” WAGE... oc ks 7 14 65 1 13 
“‘Dried’”’ ‘‘ (Fraction 1). 6 9 53 7 25 


“ “é ( “é 6) : 99 








* We are indebted to Mr. D. M. Brown for these measurements. 


cury in the isolation of mercaptalbumin as a mercury complex. The 
apparent sulfhydryl nature of papain and its reported inhibition by certain 
of the heavy metals (15, 16) suggested that papain might readily forma 
mercury complex. This was found to be the case. 

Mercuripapain is prepared by dissolving twice recrystallized papain at 
room temperature in 70 per cent ethanol containing 0.001 m HgCl». The 
protein concentration should be 1.5 to 2.0 per cent. If slightly turbid, 
this solution is filtered and then stored in the cold (4°). Within 24 hour 
a white, obviously crystalline precipitate will form, and, in 3 to 4 days, 
about 90 per cent of the activity will crystallize from solution. Thee 
heavy crystals are easily removed by centrifugation. They are insoluble 
in 70 per cent ethanol but may be redissolved in water. Crystals d 
mercuripapain are large enough to be seen with the naked eye. Under 
low power magnification they appear as long rectangular plates, occurring 
singly or in rosettes and sheaves (Fig. 2). 

Mercuripapain can also be prepared by solution of the crystalline et 
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zyme in aqueous 0.001 m HgCle, followed by addition of NaCl as described 
above. The material thus obtained exhibits a crystalline sheen in suspen- 
sion, but crystals are not visible even when magnified 400 times. 





= = ‘ . 


Fig. 2. Crystals of mercuripapain photographed at 50 times enlargement 


TaBLe III 
Enzymatic Activity of Mercuripapain 
All assays were carried out as described with benzoyl-L-argininamide as the sub- 
strate in acetate buffer at pH 5.5. 


Reactants Protein N X 108 Ki X 108 Ci 

oa ng. pernl 
Mercuripapain.... ble aah Nie Tie 11.7 0 0 

- + 0.001 m Versene.......... 5.9 0 0 

_ + 0.005 “‘ cysteine.......... 5.9 0.75 0.13 

- + 0.001 ‘‘ Versene + 0.005 

M cysteine...... ap tte Pale2 P ase S re 5.9 6.9 1.19 

Mercuripapain (acetone-ether-dried) + 0.001 


mM Versene + 0.005 m cysteine............. 8.2 8.2 1.00 





Mercuripapain assayed as described but in 0.02 m acetate at pH 5.5 is 
inactive. In the presence of cysteine and of a metal-chelating agent such 
as Versene, full activity is restored. These data are given in Table ITT. 

Mercuripapain dried by the usual acetone-ether procedures retains its 
crystalline character, can be redissolved in water easily, and retains 80 to 
85 per cent of the enzymatic activity of the undried material (Table ITT). 


Elementary Analysis 


Samples of papain recrystallized three times and of mercuripapain were 
prepared for analysis by washing with 90 per cent ethanol until free of 
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chloride, and then three times each with acetone and ether, and dried jn 
air. The sulfur content was determined by Dr. A. Elek by the method of 
Elek and Hill (17). Nitrogen was determined in quadruplicate by a 
micro-Kjeldahl procedure. Samples of two preparations of mercuripapain 
were each analyzed in triplicate for mercury by the method of Laug and 
Nelson (18) with dithizone. All the controls and precautions recom- 
mended by these investigators were followed. 

Table IV summarizes the analytical data on papain and mercuripapain. 
For comparison the analytical data obtained earlier are included. The 
sulfur content of one of our preparations was found to be identical with 
that of Balls and Lineweaver. However, our value for N is smaller than 
that of Close et al. (19), but higher than that of Balls and Lineweaver (4), 

On analysis of mercuripapain an average content of 0.465 per cent 


TaBLe 1V 
Elementary Analysis of Papain and Mercuripapain 


All values corrected for moisture and ash. 


Sample No. Nitrogen Sulfur Mercury 


per cent per cent per cent 
Data of Balls and Lineweaver (4). . oie 15.5 1.2 
*« —«* Close, Moore, and Bigwood (19).... 16.4 
NN orca he Siig wale ty Vata oe aoe wed 16.1 1.22 
Mercuripapain I|.... Sp Pet anaes oe 0.49 
AR Posie Pre eo pee wae 0.44 


mercury is obtained, which indicates that 1 atom of mercury is combined 
with 43,500 gm. of protein. The molecular weight of papain by sedimenta- 
-tion-diffusion measurements is 20,700 (6). It thus appears that, within 
the precision of the analyses, there is a combining ratio of 1 atom of mer- 
cury to 2 moles of papain. 
Enzymatic Activity of Papain 

The factors influencing the enzymatic activity of papain have been 
widely discussed and there has been considerable controversy in the litera- 
ture (1, 20). It has been known for many years that papain is activated 
by the addition of such substances as cyanide, cysteine, reduced glutathi- 
one, and sulfide, and that oxidizing agents inactivate the enzyme. Bersin 
and Logemann (21) concluded that papain is active when free thiol groups 
on the enzyme are in the reduced state and inactive when the thiol groups 
are oxidized to the disulfide form. Hellerman (22) later supported this 
proposal by demonstrating that certain thiol reagents, such as p-chloro- 
mercuribenzoate, inhibit papain action. However, Bergmann and his co- 
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workers (2, 23) suggested that other factors were involved, and pointed 
out that the activity of papain was dependent to a considerable extent on 
the nature of the activating agent. 

In the meantime, Krebs (15, 16) had reported that a number of heavy 
metal ions inhibit the proteolytic activity of papain and proposed that 
activation by cyanide and sulfide was due to the removal of metal ions 
present as combined impurities in the enzyme preparations. Furthermore, 
he suggested that citrate and pyrophosphate activate papain by the same 
mechanism. Murray (24) noted that citrate and cyanide were not inter- 
changeable in their effects on papain, but their effects were additive. In 
view of these observations he postulated that removal of heavy metals 
could not be the sole mechanism of activation. 

The optimal pH for the hydrolysis of synthetic substrates by papain has 
generally been regarded to be near pH 5 (25), although Rocha e Silva and 
Andrade (26) have reported optima at pH 5 and 6.8 to 7 for the hydrolysis 
of BAA. Several observers have described specific ion effects on papain 
activity. Murray (24) found that the pH optimum and the level of ac- 
tivity of papain depended on the buffer used in the reaction mixture. His 
experiments demonstrated that at a given pH papain was more active in 
acetate than in phthalate, and still more active in citrate. Fox and Pet- 
tinga (27) studied the synthesis of acylamino acid anilides catalyzed by 
papain and noted that rate of synthesis and yield of anilide increase with 
citrate concentration. Indeed, Fox (28) has postulated a mechanism of 
protein synthesis potentiated by citrate. 

Although none of the studies discussed above was performed with highly 
purified papain, almost all of the phenomena observed have been en- 
countered in our investigations on crystalline papain. 

Effects of Activating Agents and Buffer Anions—Initially, while attempt- 
ing to establish the influence of pH upon papain activity, 0.005 m cysteine 
alone was used as activating agent. Under these conditions, it soon be- 
came apparent that the pH optimum was dependent upon the nature of 
the buffer anions. Thus, at a given pH value, papain was considerably 
more active in citrate than in acetate. Furthermore, at alkaline pH values 
no activity was measurable in Tris (tris(hydroxymethyl)aminomethane), 
but in phosphate buffers at identical pH values the enzyme was very active. 
Typical observations, with four different buffer systems, are illustrated in 
Fig. 3. It should be noted that the activity of papain in each mixture 
could be related to the ability of the anion to form complexes with metal 
ions. Tris does not exist as an anion and is incapable of complex formation 
with metal ions. These experiments clearly indicate that factors other 
than reduction of a disulfide are involved and prompted a more thorough 
investigation of the requirements for the full activation of papain. 
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Activating agents which have been most commonly used are cysteine, 
HS, and cyanide. All three reagents are capable of reducing disulfide 
bonds and, in addition, form chelates or insoluble compounds with heayy 
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Fig. 3. Effect of pH on the proteolytic coefficient (Ci) for the hydrolysis of ben- 
zoyl-L-argininamide by papain in the presence of 0.005 m cysteine. The buffers were 
present at 0.02 m except for citrate which was 0.04 m. 
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Fic. 4. Effect of pH on the activation of crystalline papain as measured by the 
proteolytic coefficient (C,) for the hydrolysis of benzoyl-L-argininamide. Activators 
were used singly and in various combinations. Cys is cysteine and V is Versene, 
all used at 0.005m. The buffers were used at 0.02 mM concentration, acetate near pH 5, 
citrate at pH 6, phosphate at pH 7, and Tris near pH 8. Cysteine + Versene gave 
the highest activity at all pH values and the C; values were independent of the buf- 
fers used. 


metals. To this group of activators we have added Versene, an excellent 
metal-chelating agent. The results with these four agents both alone and 
in various combinations, and in several buffer systems, are shown in Fig. 4. 

Since the buffer has a marked effect on the extent of activation, the 
results are strictly comparable only at the same pH. Acetate was used 
near pH. 5, citrate at pH 6, phosphate at pH 7, and Tris near pH 8. The 
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data show that papain is not fully activated by any one reagent. Cysteine 
alone activates markedly in citrate and phosphate at pH 6 and 7, respec- 
tively, but full activity is not attained unless Versene is also present. 
Cyanide appears to be capable of replacing cysteine at pH values above 7.0 
but on the acid side is less effective than cysteine; presumably, this is due 
to the weak dissociation of HCN at acid pH values. At all pH values the 
combination of Versene and cysteine gave maximal specific activity. It is 
noteworthy that when Versene is present no specific ion effects are ob- 
served despite the fact that Versene alone produces no activation whatso- 
ever. 
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Fic. 5. Effect of pH on C; for hydrolysis of benzoyl-.-argininamide by crystalline 
papain in the presence of 0.001 Mm Versene and 0.005 m cysteine. The buffers employed 
at 0.02 m were acetate (a), Versene (v), citrate (c), phosphate (p), Veronal (vl), Tris 
(t), and glycine (g). 


These results confirm the suggestion of Krebs that removal of metal 
ions is necessary for maximal activity of papain, but also demonstrate that 
a reducing agent is required, presumably for the reduction of disulfide 
bonds to free sulfhydryl groups which are essential for activity. 

It may be noted in passing that many enzymes, e.g. urease, are now 
known in which sulfhydryl groups are essential for activity and for which 
specific anion effects have been reported. It appears likely that such 
efiects may be circumvented by the procedure which has been used for 
papain, namely, the addition of a chelating agent such as Versene as well 
as a reducing substance. 

Effect of pH—Fig. 5 shows a detailed study of the effect of pH on the 
rate of hydrolysis of BAA by papain in the presence of cysteine and Ver- 
sene. A variety of buffers including Versene itself was used in establishing 
this curve, and it is apparent that the specific ion effects shown in Fig. 3 


areabsent. Between pH 5.0 and 7.5 the specific activity of papain is at a 
maximum. 
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Inhibitors of Papain—In contrast to chymotrypsin and trypsin, papain 
is not inhibited by diisopropyl fluorophosphate (DFP), even when this 
substance is present at 5 times the molar concentration of the enzyme, 
However, in agreement with earlier studies (21, 22), it was found that sulf. 
hydryl reagents such as p-chloromercuribenzoate and iodoacetamide com. 
pletely inhibit the hydrolysis of BAA by papain. 

Esterase Action—It has been demonstrated (29) that the three crystalline 
proteolytic enzymes of pancreas, trypsin, chymotrypsin, and carboxypep- 
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Fic. 6. Action of papain on tosyl-L-arginine methy] ester at the various pH values 
indicated on the curves. The semilogarithmic plot of 100 minus per cent hydrolysis 
against time shows that the kinetics are first order. The upper ordinate applies to 
the data at pH 4. The enzyme concentration at pH 6 was 0.0088 mg. of protein N 
per ml. and at the other pH values was 0.0195 mg. per ml. 

Fic. 7. Effect of pH on the hydrolysis of tosyl-t-arginine methyl ester (tsAME) 
and BAA (dash line). The data are taken from the experiments in Fig. 6. 


tidase, possess well defined esterase activities on appropriate synthetic com- 
pounds which are closely related in structure to substrates possessing pep- 
tide or amide bonds. It has now been observed that crystalline papain 
also has an esterase action. 

The substrate was tosyl-L-arginine methyl] ester at 0.025 m in the pres- 
ence of 0.001 m Versene and 0.005 m cysteine with various buffers at 0.01 
M. Hydrolysis was followed at 39° by the titrimetric procedure of Schwert 
et al. (30) witha glass electrode from the Cambridge Instrument Company. 
The initial volume of the test solutions (5 ml.) was increased by succes- 
sive small additions of 0.2 m NaOH to effect a pH change no greater than 
0.2, and the time at which the solution returned to the predetermined pH 











value | 
for the 
The 
reactio. 
hydrol; 
zyme ¢ 
0.0195 


The s 
a Verse! 
ml., the 
line mer 


Benzoyl 
Carbobe 
Carbobe 
Carbobe 
Hippury 
Carbobe 


Carbobe 
Carbobe 
Acetyl-1 
L-Leucy) 
L-Leucy! 
L-Leucin 





* The 
t The 
C; were 


The | 
compar 
A muck 
be note 
It is sti 
almost 

The 3 
by isole 
the the 
sample, 


ne 
p- 


ysis 
3 to 
aN 


[E) 


res- 
).01 
vert 
ny. 
ces- 
han 
pH 











J. R. KIMMEL AND E. L. SMITH 527 


value was recorded. In computing the C; values, corrections were made 
for the changes in volume of the reaction mixtures. 

The hydrolysis of the ester substrate follows the kinetics of a first order 
reaction at the five pH values shown in Fig. 6 where 100 minus per cent 
hydrolysis is plotted on a logarithmic scale against time. The initial en- 
zyme concentration at pH 6 was 0.0088 mg. of protein N per ml. and was 
0.0195 mg. per ml. in the other experiments. 


TABLE V 
Action of Crystalline Papain on Synthetic Substrates 
The substrates were tested at 0.05 m in the presence of 0.005 m cysteine and 0.001 
u Versene at 39° at enzyme concentrations from 0.006 to 0.63 mg. of protein N per 
ml., the larger amounts being required for the least sensitive substrates. Crystal- 
line mercuripapain was used for these studies. 


Substrate pH C1 
| 
r 
Benzoyl-L-argininamide.................. sxcce) See 1.20 
Carbobenzoxy-L-glutamic acid diamide’™... 7.35 0.24 
Carbobenzoxy-L-isoglutamine............... | 5.2 0.050¢ 
Carbobenzoxy-L-leucinamide*............ 6.5 0.021 
IEEE ee | 4.56.85 | 0.014 
Carbobenzoxyglycyl-L-tryptophan*...... 4.0 | 0.0036 
si 7.5 0.0011 
“ pen | 8.1 0.0009 
Carbobenzoxyglycyl-t-phenylalanine. . 6.8 0.0004 
Carbobenzoxy-L-glutamy]-.-tyrosine . | 5.0 0.045t 
Acetyl-L-tyrosinamide*............ 5.9 0.003 
i-Leucylglycylglycine............ aad | 6.0 0.004 
t-Leucylglycine............... 6.1 0.0004 
1-Leucinamide............. | 5.0 0.04 
3 .| 7.5 0.02 








* These compounds were only partially dissolved at the beginning of the test. 
{ The values given are extrapolated initial constants, since decreasing values of 
(; were observed. 











The pH-activity curve for the esterase action is given in Fig. 7. For 
comparison, the dash line shows the action on the amide substrate, BAA. 
Amuch narrower optimum was found for the esterase action, but it should 
be noted that the ester concentration was half that of the amide (0.05 m). 
It is striking that the maximal C; values for both types of substrates are 
almost identical. 

The main product of the esterase action was shown to be tosyl-L-arginine 
by isolation of this substance from the reaction mixture in 75 per cent of 
the theoretical yield; m.p., 257-259° (with decomposition) ; for an authentic 
sample, m.p., 256-258° (with decomposition). 
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a of Papain—Farlier work, mainly by Bergmann and Fruton 
(2), demonstrated that partially purified papain attacks many types of 
sy mthotio amide and peptide substrates. A similar broad, hydrolytic ae. 
tion on the oxidized A chain of insulin has been reported recently by 


Sanger, Thompson, and Tuppy (31). In view of the more limited types of | 
compounds hydrolyzed by the animal proteinases, it was of interest to | 


determine the specificity of crystalline papain. 


With the substrates tested thus far, the crystalline enzyme resembles the | 


cruder preparations. Table V gives the data for a representative selection 
of compounds. Thus far, the most sensitive substrate found is BAA, 
which is also a substrate for trypsin. In addition, typical substrates for 
pepsin (carbobenzoxy-L-glutamyl]-L-tyrosine), carboxypeptidase (carbobenz- 


TaBLe VI 
Hydrolysis of Carbobenzoxy-u-isoglutamine by Papain 
Substrate concentration was 0.05 m in presence of 0.005 m cysteine and 0.001 
Versene. The enzyme concentration was 0.105 mg. of protein N per ml. 











| on 4.45 pH 7.06 
Time | a . . ee 
| Hydrol Hydrolysis | Ci Hydrolysis j (on 
= _ per cent ores + ae 
15 19 «=| —(0.046 | 
30 32 | 0.0438 | 13 | 0.016 
45 35 | 0.082 | 18 | 0.015 
60 37 0.026 23 0.015 
75 | 0.015 


41 0.023 | 28 


oxyglycyl-L-tryptophan), chymotrypsin (acetyl-L-tyrosinamide), and pep- 
tidases (L-leucylglycylglycine and L-leucinamide) are hydrolyzed, as well 
as a number of others not susceptible to the purified enzymes of animal 
origin. 

The present studies should be regarded as preliminary to a detailed 
kinetic analysis. Nevertheless, some interesting points can already be 
noted. In the hydrolysis of carbobenzoxyglutamyltyrosine (CGT) and 
carbobenzoxyisoglutamine (CIG), the apparent C, values decrease pro- 
gressively when studied at pH values between 4 and 6; above this range, 
the C, values are constant. An example of this effect for CIG is given 
in Table VI. The decreasing constants appear to be due to progressive 
inhibition, probably competitive, by the liberated carbobenzoxy-t-glu- 
tamic acid (CG). Indeed, when CG is added to the initial reaction mix- 
ture, it produces a strong inhibition of the hydrolysis of BAA and hippur- 
ylamide (HA), as well as of CIG and carbobenzoxy-.-glutamy]-.-tyrosine. 
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For the first two substrates, the inhibitory effect is very marked in the re- 
gion pH 3.9 to 4.5 (Table VII). 


Taste VII 
Inhibition of Papain by Carbobenzozxy-ui-glutamic Acid 


The substrate concentration was 0.05 m; that of the inhibitor was 0.02 m. The 
hippurylamide was only partially dissolved at the beginning of the experiment. 
Cysteine and Versene were present. 





















































Substrate Protein N pH Time Hydrolysis 
Ps) ial mg. per ml. am min. per cent 
Se eee 0.0053 3.9 75 23 

a | ee 0.0053 3.9 75 9 
PN oxtidieiea otndia 0.0053 5.0 75 48 
a, 0.0053 5.0 75 46 
er rere 0.11 4.5 240 49 
nr 0.11 4.5 240 14 
Bits seecesws 0.070 5.1 150 45 
i 0.070 5.1 150 42 
CGDA 

0.2F _ 

O1- 4 

i CIG 7 

| | | 1 | i 
s @& 6 F 8 oS . | TT eS se 
pH 


Fic. 8. Effect of pH on the hydrolysis of four synthetic substrates by crystal- 
line papain in the presence of 0.005 m cysteine and 0.001 m Versene. The substrates 
studied were carbobenzoxy-t-leucinamide, hippurylamide, carbobenzoxy-u-glutamic 
acid diamide, and carbobenzoxy-t-isoglutamine. 


The effect of pH on the hydrolysis of several papain substrates is shown 
in Fig. 8. It should be noted that, when progressive inhibition was found, 
as with CIG, extrapolated, initial values for C; were used. The curve for 
hippurylamide resembles that for BAA, but the others are obviously differ- 
ent. The curve for CIG suggests that progressive ionization of the y-car- 
boxyl group decreases the susceptibility of this substrate. This is con- 
sonant with the effectiveness of carbobenzoxyglutamic acid as an inhibitor 
at pH 4 and its ineffectiveness near pH 7. In addition, the much greater 
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sensitivity of carbobenzoxy-L-glutamic acid diamide as compared with CIG 
is in accord with this view. Fruton (32) has shown that the diamide is 
hydrolyzed only at the a-amide linkage to yield carbobenzoxy-L-glutamine, 

The marked effect of pH on the hydrolysis of uncharged substrates, 
such as the diamide, and the very different influence of pH on BAA are 
extremely striking. An explanation of these findings would be premature 
from the information presently available. 

The fact that the proteolytic action of papain is so broad immediately 
poses the question of whether one enzyme or one enzymic “active center” 
is responsible for the action on substrates containing basic, acidic, and 
neutral residues both aliphatic and aromatic in character. The apparent 
physical and chemical homogeneity of papain discussed in this and the 
accompanying papers renders it highly likely that only one protein js 
involved. This is made even more probable by the observation that a 
simple compound, carbobenzoxy-t-glutamic acid, produces a similar in- 
hibition for all types of substrates studied so far. This supports the view 
that only one active center is responsible for the catalytic activities of this 
protein. Detailed kinetic studies, now in progress, should provide a clear 
cut answer to this problem. 


SUMMARY 


1. Modification of the procedure of Balls and Lineweaver has permitted 
the isolation in good yield of crystalline papain from a commercial source 
of dried papaya latex. 

2. Complete activation of papain requires the presence of a reducing 
agent and of one or more substances capable of binding the metal impur- 
ties which are strongly inhibitory. Highest activities have been achieved 
with cysteine and Versene. 

3. A crystalline mercury complex, mercuripapain, provides a very stable, 
homogeneous protein suitable for physical, chemical, and enzymatic studies. 
The complex contains 1 atom of mercury and 2 moles of papain. It is 
inactive but gives the highest activities yet observed when cysteine and 
Versene are added. 

4. Papain possesses a strong esterase action but, unlike many proteinases 
with a similar action, is not inhibited by diisopropyl fluorophosphate. 

5. Like the crude preparations studied earlier, papain has a broad spee- 
trum of activity on synthetic substrates. The most sensitive substrate yet 
found is benzoyl-L-argininamide, but substrates containing aliphatic and 
aromatic amino acids are also hydrolyzed. Carbobenzoxy-t-glutamic acid 
acts as an inhibitor of papain action on all types of compounds tested. 
This provides strong support for the view that the same active center is 
involved in all the proteolytic actions. 
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CRYSTALLINE PAPAIN 
II. PHYSICAL STUDIES; THE MERCURY COMPLEX* 


By EMIL L. SMITH, J. R. KIMMEL,t anp DOUGLAS M. BROWN 


(From the Laboratory for the Study of Hereditary and Metabolic Disorders, and the 
Departments of Biological Chemistry and Medicine, University of Utah 
College of Medicine, Salt Lake City, Utah) 


(Received for publication, November 3, 1953) 


In the first paper of this series (1), the isolation and some of the proper- 
ties of crystalline papain and its mercury complex, mercuripapain, have 
been described. ‘This paper is concerned with certain physical properties 
of these substances. The molecular weight of papain was estimated, 
mainly by osmotic pressure measurements, to be near 30,000 by Balls and 
Lineweaver (2). When our work was undertaken, no detailed investiga- 
tions of the behavior of crystalline papain in the ultracentrifuge or electro- 
phoresis apparatus had been reported. 

Active reduced papain is monodisperse in the ultracentrifuge and in the 
electrophoresis apparatus. Under certain conditions the enzyme prepara- 
tions were found to contain only monomers which, from sedimentation- 
diffusion measurements, have a molecular weight of 20,700. The oxidized 
inactive protein contains a mobile mixture of the monomer and the dimer, 
the amounts of these being influenced by the protein concentration. 

Correlation of the electrophoretic mobility as a function of pH with the 
amino acid composition of the papain suggests that the single imidazole 
group has a pK near 6.8, and that most, if not all, of the glutamic residues 
are in the amide form. 

Mercuripapain exhibits monomeric sedimentation behavior at pH 4, but 
it shows two electrophoretic peaks; these are consistent with the presence 
of a dissociable complex containing 1 mole of mercury for 2 moles of papain. 
In the ultracentrifuge at pH 8, mercuripapain contains a heavy component 
(s = 88) and the monomer (s = 2.4 8); the relative amounts of these are 
determined by the protein concentration. The nature of the mercury- 
papain complex is discussed. 


Electrophoretic Studies 


These were made in a Tiselius apparatus equipped with the schlieren 
scanning device described by Longsworth (3). All runs were made at 1.5° 

* This investigation was aided by research grants from the National Institutes of 
Health, United States Public Health Service. 


bi Postdoctoral Fellow of the American Cancer Society, recommended by the Com- 
mittee on Growth of the National Research Council. 
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in univalent buffers at an ionic strength of 0.1. The pH values wer 
determined at room temperature with a Cambridge Instrument Company 
glass electrode standardized against 0.05 m potassium acid phthalate taken 
to be pH 4.00. Only descending boundaries were used for the measure. 
ment of mobilities. The runs were performed with a potential drop of 
approximately 6 volts per cm. 

Preparations of three or four times crystallized papain (1) were studied 
over the range pH 2.8 to 9.6. In order to avoid the possibility of autolysis 
by the enzymatically active protein, most of the studies were performed 
with cysteine and Versene (ethylenediaminetetraacetate) omitted from the 
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Fig. 1. Electrophoretic mobility as a function of pH at 1.5° for crystalline papain 
as determined in univalent buffers at an ionic strength of 0.1. Ac = acetate, V = 
Veronal, and G = glycine. 


electrophoretic medium. In some runs 0.005 m cysteine was present and 
this had no detectable effect on the mobility of the protein. When both 
0.005 m cysteine and 0.001 m Versene were added in order to study the fully 
active enzyme (1), a mobility decrease at pH 4.4 from a value of about 
+4.6 X 10~-° to +4.1 X 10-5 sq. cm. per volt per second was observed. 
The effect of pH on the mobility of inactive papain is shown in Fig. 1. 
The apparent isoelectric point is at pH 8.75, in good agreement with earlier 
findings which indicated an alkaline isoelectric point near pH 9 (2, 4). 
The most distinctive feature of the mobility curve is the broad zone be- 
tween pH 3.9 and 6.0 over which the mobility remains relatively constant. 
If it is assumed that the form of the mobility curve is similar to that of the 
titration curve which is the case for other proteins (5, 6), the character of 
this curve is of considerable interest in relation to the amino acid composi- 
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tion of papain. This protein contains an excess of three basic groups (7) 
which, at the isoelectric point, must be uncharged; these must be the single 
imidazole group of histidine (7), the terminal a-amino group of isoleucine 
(8), and the equivalent of one e-amino group of lysine, since the more basic 
guanidinium groups of arginine would not be titrated in this region. The 
change in mobility with pH indicates that the pK of the imidazole group 
must be above 6, and probably lies in the neighborhood of 6.8, as judged by 
the change in slope of the mobility curve between pH 6 and the isoelectric 
point. Since papain has a constant, maximal enzymatic activity on ben- 
zoyl-L-argininamide over the region from pH 5.0 to 7.5 (1), it is unlikely 
that the imidazole group which is titrated in this region is directly con- 
cerned in the active catalytic center of the enzyme. 

The constant mobility from pH 3.9 to 6.0 also demonstrates that the 
sixteen ionizable carboxyl groups estimated to be present in papain (7) 
must have pK values considerably below 3.9, probably as low as 3.0 to 3.4. 
Cohn and Edsall (9) have estimated that the pK values of 6-carboxyl 
groups of aspartyl residues are between 3.0 and 4.7 and of y-carboxyl 
groups of glutamyl residues to be near 4.4 from titration studies on pep- 
tides of known structure. Since it is evident that the carboxyl groups of 
papain must have relatively low pK values, it is possible that the free 
carboxyl groups of aspartyl residues predominate in this protein and that 
there are few or no free carboxyl groups of glutamyl] residues; however, 
until the location of the amide groups of papain is determined, this sugges- 
tion can only be regarded as tentative. 

A comparison of papain with two other proteins of known composition, 
insulin and lysozyme, is of interest. Sanger, Thompson, and Tuppy (10) 
have shown that in insulin all of the aspartic residues are in the amide 
form. Hence, for one A chain and one B chain, there are four y-carboxyl 
groups of glutamyl residues, two terminal a-carboxyl groups, and 2 histi- 
dine residues (10). In contrast to papain, the titration curve of insulin 
measured by Cohn, Ferry, and Blanchard (9) shows a steep slope at pH 
values below 6 in conformity with the relatively high pK value of 4.4 as- 
cribed to the y-carboxyl groups of glutamyl residues. Studies by Winter- 
steiner and Abramson (11) of the electrophoretic mobility of insulin erys- 
tals or of insulin adsorbed on quartz also show a steep slope between pH 4 
and 6. 

Analyses of lysozyme indicate 1 histidine residue, 20 to 21 aspartic 
residues, 5 to 6 glutamyl residues, and eighteen amide groups per mole of 
protein.' The electrophoretic mobility of lysozyme shows little or no 
change between pH 4 and 6, as judged by the studies of Longsworth et al. 


‘ Private communication from Mrs. Adrienne R. Thompson based on her analyses, 
and those of Lewis et al. (12) and Fromageot and his coworkers (13, 14). 
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(15) on whole egg white, or those of Alderton and coworkers (16) on the 
crystalline enzyme. It would appear that most of the free carboxy] groups 
of this protein have low pK values, like those of papain, and probably 


belong to the predominating aspartyl groups; all or most of the few ms. 


idues of glutamic acid are probably in the amide form. 

Papain is only sparingly soluble in the cold in the neighborhood of its 
isoelectric point and electrophoretic studies in this region had to be made 
at concentrations of less than 0.2 per cent. In fact, papain in saturated 


Lams. J 
laf A 


Fic. 2. A, tracings of the electrophoretic patterns of twice recrystallized papain, 
pH 3.9; protein concentration = 1.0 per cent in acetate buffer containing 0.001 x 
Versene and 0.02 M cysteine. Ascending and descending patterns are shown after 215 
minutes of migration. The minor peak evident on the ascending pattern represents 
less than 2 per cent of the total protein and was absent in most preparations. B 
shows the descending pattern at 0.2 per cent protein concentration in Veronal buffer 
at pH 7.5 after 150 minutes. C is the descending pattern after 150 minutes in ace- 
tate buffer at pH 6.0 at a protein concentration of 0.4 per cent. Cysteine and Ver- 
_ sene were omitted in runs B and (. The patterns in B and C are at approximately 
twice the linear enlargement of those in A. 


solutions at room temperature between pH 7.5 and 9.5 will crystallize when 
solutions are chilled to the bath temperature (1.5°) of the electrophoresis 
apparatus. Because of the necessarily low concentration, electrophoretic 
runs above pH 7 were useful for an estimate of the mobility but not fora 
critical evaluation of homogeneity in this region. 

Some of the electrophoretic patterns which were obtained are shown in 
Fig. 2. It is apparent that crystalline papain is, in general, monodisperse, 
in the sense that it is free of grossly contaminating proteins. The sample 
shown in Fig. 2, A contained less than 2 per cent of a minor component 
which was not present in most of our preparations. However, it should 
be noted that, after periods of migration as long as 250 to 300 minutes, the 
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patterns at pH 3.4 to 4.4 appeared to be slightly broader than might be 
expected for a completely homogeneous substance. ‘The excessive spread- 
ing is not apparent in runs made for 100 to 150 minutes. 

The run made at pH 2.8 was markedly heterogeneous; the mobility 
value shown in Fig. 1 was that of the major component. It should be 
noted that, at this pH value, papain is readily and irreversibly inactivated 
(17). 

The lack of complete homogeneity does not appear to reflect any gross 
contamination of the crystalline enzyme which appears to be relatively 
free of other proteins by several criteria, e.g. amino acid composition (7), 
free amino groups studied by the dinitrophenyl method (8), and sedimenta- 
tion in the ultracentrifuge. It is more likely that the slight electrical 
heterogeneity in the region of good stability may be due to partial binding 
of ions by the basic protein or to small variations in the amide content. 


Sedimentation Studies 


These observations were made in a Spinco model E electrically driven 
ultracentrifuge. All the runs were made at. 59,780 r.p.m. and at room 
temperature; the data have been corrected to sedimentation values in 
Svedberg units corresponding to water at 20° (s2o.~) by the procedure of 
Svedberg and Pedersen (18). The controls and procedures were otherwise 
the same as those in earlier studies from this laboratory (19-21). Protein 
concentrations were estimated refractometrically by assuming a refractive 
index increment of 0.00184 for a 1 per cent solution; this value is probably 
within 2 per cent of the correct value, as judged by a check with Kjeldahl 
nitrogen determinations. 

Preparations of papain which had been recrystallized two or three times 
gave patterns which appeared to be monodisperse; some typical results 
obtained under various conditions are shown in Fig. 3. 

Most of the studies were performed at pH 3.9 to 4.0, since the solubility 
of the protein in this region is much greater than it is near the isoelectric 
point. Under these conditions, it was found that there was a marked 
difference in behavior in the presence and absence of cysteine. The sedi- 
mentation constants of several different preparations of crystalline papain 
obtained in fourteen runs performed in acetate buffer (0.1 to 0.2 ionic 
strength) at a cysteine concentration of 0.02 m are shown in Fig. 4, A. In 
four of these runs 0.002 m Versene was also present, but this substance has 
no detectable effect on the sedimentation constant. It is apparent from 
these results that there is no substantial influence of protein concentration 
ON S20,. The average of all these measurements is 2.42 + 0.04 S. 

In Fig. 4, B are shown some results obtained under the same conditions 
in the absence of cysteine, together with runs made on papain which was 
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oxidized with iodine at slightly acid pH values to produce completely jp. 
active material. It is evident that there is a pronounced effect of protej 
concentration On S20,.0, although the extrapolation leads to a value at zen 
concentration which is that found for cysteine-papain within the precision 
of the measurements. It would appear from the few measurements jp 
Fig. 4, B that crystalline papain which, in the absence of cysteine and 
Versene, is completely inactive (1), behaves in the same manner as papain 
which has been treated with iodine. 





| wh 
AA 


Fic. 3. Sedimentation patterns of crystalline papain in acetate buffer at 02 
ionic strength. A shows papain (2.0 per cent) containing 0.02 m cysteine at 
pH 3.9. Bis papain (1.25 per cent) under the same conditions with cysteine omitted. 
C shows results with papain (1.0 per cent) which had been oxidized with iodine at 
pH 6. For all the runs the exposures were at 16 minute intervals. The absolute 
heights have no significance, since the magnifications were changed during the runs. 




















Fig. 4, C shows a few measurements made at pH 5.4 and 7.0 in the 
presence of cysteine (0.02 m). Here, also, it is clear that protein concen- 
tration has a substantial effect on 820... 

Previous studies on chymotrypsin (20-22) and trypsin (23) have shown 
that these proteolytic enzymes tend to form mobile mixtures of monomers 
and dimers under certain conditions. The behavior of cysteine-papain at 
pH 4.5 to 7.0 and of the oxidized protein in the absence of cysteine at pH4 
demonstrates that papain also has a tendency to aggregate in dimers and 
that the extent of dimerization is a function of protein concentration and 
pH. All of the measurements are in substantial agreement in indicating 
that the papain monomer possesses a sedimentation constant of 2.42 8. 


Diffusion Studies 


These measurements were made in the electrophoresis cell by the pro 
cedure of Longsworth (5) from photographs taken by the schlieren scat- 
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ning method. The results were calculated by the height-area method from 
the formula D = A*/4ntH?, where A is the area under the curve, H the 
maximal height, ¢ the time in seconds, and D the diffusion constant in sq. 
em. per second. 

The studies were made at pH 3.9 in an acetate buffer containing 0.02 m 
cysteine of 0.12 ionic strength; these are the conditions under which it was 
found, as described above, that papain exhibits completely monomeric 
behavior in the ultracentrifuge. In fact, as a control for each diffusion 
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Fic. 4. Sedimentation constants (s20,~) of crystalline papain as a function of 
protein concentration. A shows studies at pH 3.9 to 4.0 in acetate buffer (0.1 to 0.2 
ionic strength) at a cysteine concentration of 0.02m. @, results with added Versene 
at 0.002 um; O, without Versene. B shows results in acetate (0.1 ionic strength) at 
pH 4.0 in the absence of cysteine (@) and for papain oxidized with iodine (O). C 
gives measurements with 0.02 m cysteine at 0.1 ionic strength in acetate at pH 5.4 
(0) and in Veronal at pH 7.0 (@). For B and C the straight lines have arbitrarily 
been drawn to an extrapolated value of 2.42 S for s20,~ at zero concentration; this is 
the average value found at pH 4 in the presence of cysteine. 


run, an identical sample was tested in the ultracentrifuge and these meas- 
wements are given with the data of Fig. 4, A and Fig. 7. The measure- 
ments were made at 1.5° and corrected for the difference in viscosity and 
temperature in the manner described by Longsworth (5) to give values of 
Ds». In each of three runs, the two halves of the cell were used sepa- 
rately, giving duplicate determinations in each case. Six photographs 
were taken at intervals between 20 and 70 hours after the boundaries were 
established and the slopes were obtained from plots of 1/H against +/%; 
satisfactory straight lines, calculated by the method of least squares, were 
obtained in all cases. Areas were measured on tracings of projected en- 
laygements of the individual schlieren curves. The computed diffusion 
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constants are given in Table I. The average value for Doo» is 10.27 4 
0.13 X 10-7 sq. em. per second. 


Molecular Weight 


The molecular weight (7) of the papain monomer, as determined from 
sedimentation-diffusion measurements, has been computed from the usual 
formula (18) 1 = RTs/D(1 — Vp), where V is the partial specific volume 
T is the absolute temperature, FR is the gas constant, and p is the density of 
water. V is 0.724, as calculated from the amino acid composition of the 
protein (7). With s = 2.42 X 10-" and D = 10.27 X 107 the moleculg 
weight is 20,712 or, within the precision of the data, 20,700. The frictional 
ratio (f/fo) computed from the above data is 1.16, which is similar to that 


TABLE | 
Diffusion Constant of Crystalline Papain 


The measurements were made at pH 3.9 in acetate buffer of 0.12 ionic strength 
containing 0.02 m cysteine. 


Run No. Concentration D2,w X 107 








- per oust ‘ - Pye in aa 
1 0.61 10.11, 10.34 
2 1.08 10.38, 19.10 
3* 0.65 | 10.21, 10.49 

CO re | 10.27 + 0.13 








* Mercuripapain containing 0.02 m cysteine and 0.002 m Versene under the same 
conditions as above. 


of ovalbumin and hemoglobin (18). From the contour lines calculated by 
Oncley (24), the molecule is about 40 per cent hydrated if assumed to be 
‘ symmetrical. If the axial ratio (a/b) is 2:1, the molecule may be hydrated 
about 25 per cent. 

The computed value of 1 may be compared with other determinations 
made in this laboratory. From the amino acid composition, the average 
molecular weight is 20,300 (7) and is in excellent agreement with the 
physical determinations. From analyses of crystalline mercuripapain, | 
atom of mercury is combined with 43,500 gm. of papain (1). Half of this 
value, 21,750, is, within the precision of the measurements, in good agree- 
ment with the other results. Estimation of the free amino groups of 
papain indicates an average recovery of 1 mole of dinitrophenyl-isoleucine 
per 23,900 gm. of papain (8). This demonstrates that the papain molecule 
consists of a single peptide chain with only one free terminal a-amino 
group. 
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Previous estimates of the molecular weight of papain which differ con- 
siderably from our findings will be discussed later. 


Properties of Mercuripapain 


The isolation of a crystalline mercury complex of papain (1) made pos- 
sible an investigation of the physical properties of this interesting deriva- 
tive. From the analytical results which indicate a combining ratio of 1 
mole of mercury to 2 of papain, it was anticipated that physical measure- 
ments would reveal the existence of a dimeric complex, possibly similar to 
that found by Hughes (25) for mercaptalbumin. This was not found to be 
the case and the mercuripapain represents a somewhat more complicated 
instance of protein-metal interaction. 

For these studies, papain which was recrystallized two or three times was 
converted to the crystalline mercury complex near neutrality by the method 
previously given (1). Sedimentation studies have now shown that the 


tah a hs ld 


Fic. 5. Sedimentation of mercuripapain (1.52 per cent) at pH 4in 0.1 ionic strength 
acetate buffer. The first exposure was taken 45 minutes after attaining full speed, 
and the subsequent ones at 16 minute intervals. The s20,~ value of the monodisperse 
system is identical with that of papain at this pH. 


character of the combination of mercury with papain is pH-dependent. 
At pH 4 redissolved crystalline mercuripapain shows the monomeric be- 
havior described above for papain itself. Mercuripapain at 1.52 per cent 
in acetate buffer at 0.1 ionic strength gave a monodisperse sedimentation 
curve (Fig. 5) which, in duplicate determinations, gave s29,. values of 2.38 
and 2.468. The first determination was made as rapidly as possible after 
dissolving the protein and the second after the solution was permitted to 
remain at 4° for 24 hours. 

Papain crystallized three times (0.59 per cent) at pH 4.0, with 1 or 2 
equivalents of mercury added, gave monodisperse sedimenting boundaries 
With 829, values between 2.51 and 2.80 S (average = 2.62 S) when run 
immediately or after standing from 1 to 4 days. These values are in the 
range previously found for papain at pH 4 in the absence of cysteine at the 
same protein concentration (Fig. 4, B). 

Although the sedimentation results at pH 4 do not indicate any change 
in size, papain does remain combined with mercury at this pH as shown by 
electrophoretic measurements. Fig. 6, A shows the descending migration 
of mercuripapain after 300 minutes. The smaller and slower peak, esti- 
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mated to be approximately 35 per cent of the total area, had a mobility of 
+4.7 X 10-* sq. cm. per volt per second which is essentially identical with 
the value previously found for papain itself. The larger peak of higher 
mobility, +5.5 X 10~°, has acquired a greater positive charge which sug. 
gests that it is papain combined with mercury. When the same prepara. 
tion of mercuripapain was tested in the presence of 0.02 M cysteine and 
0.002 m Versene, it was found that the more rapidly migrating peak had 
disappeared and the nearly monodisperse peak (Fig. 6, B) had the mobility, 
4.1 X 10~-* sq. cm. per volt per second, of uncombined papain under the 





A 








Fic. 6. Electrophoretic patterns of the descending migration of crystalline mer- 
curipapain. A, 0.1 ionic strength acetate buffer at pH 3.9 at a protein concentration 
of 1.1 per cent; the photograph was taken after 300 minutes. B, the same preparation 
under the same conditions, but in the presence of 0.02 m cysteine and 0.002 m Versene 
at a concentration of 1.5 per cent after migration for 250 minutes. 
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Fic. 7. Sedimentation constants (©) of mercuripapain in 0.12 ionic strength ace- 
tate buffer containing 0.02 m cysteine and 0.002 m Versene at pH 3.9. The values for 
mercuripapain without added cysteine and Versene are also shown (DD). 


same conditions. Mercuripapain treated with cysteine and Versene has 
given the highest proteolytic activity observed for papain (1). It is evident 
that cysteine and Versene together can remove bound mercury from the 
protein. 

The sedimentation behavior of mercuripapain at pH 4 in the presence of 
Versene and cysteine was identical with that of papain itself under the 
same conditions and gave essentially the same average value, 2.41 + 0.04 
S for 820.0. The data are shown in Fig. 7. The diffusion constant of 
mercuripapain in the presence of Versene and cysteine, already given in 
Table I, is identical with that of papain. 

The properties of mercuripapain at pH 8 are markedly different from 
those at pH 4. The complex dissolves at pH 8 only after prolonged stand- 
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ing at room temperature; this suggests « possible slow dissociation of 
strong bonds in the crystals. The sedimentation behavior of mercuri- 
papain at the higher pH is strongly influenced by the protein concentration. 
Patterns obtained at four different protein concentrations at pH 8.0 are 
shown in Fig. 8. It is evident that the amount of heavy component di- 
minishes with decreasing protein concentration. At 0.33 per cent it is 
present only as a marked asymmetry on the main peak and represents less 
than 3 per cent of the total area; its sedimentation constant cannot be 
estimated. 

Table II gives for the two components the estimated sedimentation con- 
stants and relative concentrations. The sedimentation constant of the 
light component is identical with that observed for the monomer at acid 
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Fic. 8. Sedimentation patterns of crystalline mercuripapain at pH 8 at four dif- 
ferent protein concentrations. The runs were made at a total ionic strength of 0.1 
in tris(hydroxymethyl)aminomethane buffer containing sodium chloride. A is at 
2.28 per cent, B at 1.3 per cent, C at 0.65 per cent, and D at 0.33 per cent. It is ap- 
parent that the amount of heavy component diminishes with protein concentration; 
at the lowest concentration, it is present only as a slight asymmetry on the main 
component. All of the tracings shown were made from photographs taken between 
31 and 41 minutes after reaching full speed (59,780 r.p.m.). 


pH values; the average 820, for the nine values in Table II is 2.43 + 0.13 
8. The estimated maximal value for the heavy component is 8.0 8. 

There is no apparent time dependence of the relative concentrations or 
sedimentation constants of the two components as judged by a test at a 
protein concentration of 2.28 per cent at which one run (No. 8) was made 
immediately after solution of the protein and the other (No. 9) after the 
preparation was allowed to remain at room temperature for an additional 
24 hours. However, it should be noted that before the first run was made 
mercuripapain crystals were suspended in the buffer for about 90 minutes 
at room temperature. 

Runs 3, 5, and 7 (Table II), which were made in the presence of 0.001 m 
Versene, gave the same results as in the other studies. It is evident that 
the chelating agent alone will not dissociate the heavy complex, and it will 
not produce a regeneration of the enzymatic activity (1). 

Estimations of concentration given in Table II can be regarded only as 
approximations, since it is known that in mixtures of proteins area measure- 
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ments may deviate considerably from the true concentrations, generally jp 
the direction of overestimating the concentration of the lighter component, 
as in the recent study of Harrington and Schachman (26); however, it js 
evident that at high concentrations only small amounts of monomer are 
present and that under the conditions of crystallizing mercuripapain jt 
must be the heavy form which is the less soluble and crystallizes from 
solution. 

Although the analysis of mercuripapain indicates a ratio of 1 mole of 
mercury to 2 moles of papain, it is obvious that the heavy component 


TaBLeE II 


Sedimentation of Mercuripapain at pH 8 


The runs were made in tris(hydroxymethyl)aminomethane-NaCl buffer at an ionic 
strength of 0.1. 











. Component 1 Component 2 
Run No. oO a» ion 

| Amount | $20.0 Amount 520,00 

| per cent | per cent Ss } per cent S 
1 | 088 | 97 |} 240 | <<. | . 
2 | 044 | 97 2.38 | <3 | ‘ 
s+ | ClO] (iti tCdTti eC] 
4 | 0.65 57 2.53 43 | 6.9 
5t 1.09 33 | 2.26 67 8.0 
6 1.30 | 27 2.54 73 8.0 
7t 1.63 25 2.23 75 | 8.0 
8 2.28 21 2.28 79 | 8.0 
9 2.28 21 | 2.74 79 | = 8.0 


* The sedimentation constants of these heavy materials cannot be estimated. 
{ This test was made after 24 hours in the same buffer containing 0.001 m Versene. 





possesses a sedimentation constant which is much larger than that expected 
for a dimer. An approximate estimate of the size of this material can be 
made on the basis that for spherical molecules the molecular weight is pro- 
portional to s*2. From the available data, (8.0/2.42)*/2(20,700) = 124,000, 
or 6 times the size of the monomer. If, however, the monomer and the 
heavier complex differ greatly in symmetry, the calculated molecular 
weight may be greatly in error. 

Studies (1) of the activation behavior of papain have shown that, in 
addition to a reducing substance such as cysteine, some chelating agent, 
such as Versene, is essential for maximal activity. This has suggested that 
crystalline papain contains heavy metal impurities. Papain was, therefore, 
studied in the ultracentrifuge at pH 8 at which mercuripapain shows the 
presence of large aggregates. Under these conditions, papain contains 
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heavy material as well as the monomer (Table III). It should be noted 
that the heavy component has a smaller sedimentation constant (5.5 to 
6.18) than does the heavy component of mercuripapain (8.08). Addition 
of 0.001 m Versene does have an effect in dissociating the heavy complex 
of papain (Run 4, Table III). It is likely that the trace metal impurity 
present in crystalline papain is responsible for the aggregation into heavy 
particles. ‘This met al ion whose nature is unknown differs from mercury 
in so far as it can be removed from the protein complex by the chelating 
agent alone. 











Tasie III 
Sedimentation of Papain at pH 8 
; Protein Component 1 | Component 2 
Run No. concentration maak tl = ‘paerres et pees 

Amount $20,w Amount $20, 

per — per cent S per cent S 

1 0.38 99 | 2.60 1 . 
2 0.65 62 | 2.38 38 5.5 
3 1.09 54 2.45 46 6.1 

4t 1.09 90 2.87 10 * 





* The sedimentation constant cannot be estimated. 
+ After addition of 0.001 m Versene and 24 hours at room temperature. 





Nature of Mercuripapain Complex 


In order to attempt an explanation of the nature of the mercuripapain 
complex, it is necessary to recapitulate certain pertinent observations on 
papain as well as on mercuripapain. (1) Papain contains 8 atoms of sulfur 
and no methionine (7, 27). Since one or more sulfhydryl groups are es- 
sential for activity, these must be present in an even number, that is, at 
least two sulfhydryl groups per mole of protein. (2) Oxidized papain is 
inactive but can be partially reactivated by the addition of cysteine. In 
addition, the oxidized form appears to be present as a mixture of monomers 
and dimers, but, on dilution, the dimeric form tends to disappear. This 
suggests that oxidized papain contains a mixture of an intramolecular 
S—S8 form and a dimer linked by an S—S bridge: 


Papain + 





papain—S—S—papain— 





| 
| 
i—£ 


An intramolecular S—S bridge could dissociate on dilution without any 
energy change to form an intramolecular disulfide bond. (3) Mercuri- 
papain which is crystallized in the presence of excess mercury presumably 
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represents the least soluble, stable form of the complex, and contains | 
mole of Hg for 2 moles of protein. At pH 4, the complex is present only 
as monomers but is completely inactive. From the electrophoretic studies 
there are two types of monomers at this pH. It is likely that these om 
HS—papain—S—HgCl and papain. Full reactivation is achieved with 


S—S 

Versene plus cysteine, and partial activation with cysteine alone. If 
HS—papain—SH were present, the preparation should have 50 per cent of 
the activity of active papain. The electrophoretic data (Fig. 6, A) indi- 
cate that somewhat more than half of the protein has a greater positive 
charge. The change in mobility of papain for an excess of three positive 
charges is +4.6 X 10° sq. cm. per volt per second on proceeding from the 
isoelectric point to pH 3.9. The mobility of the fast component of mer- 
curipapain is +5.5 X 10-° sq. cm. per volt per second, which is about the 
order of magnitude to be expected for a net change of one positive charge 
at thispH. (4) At pH 8 the heavy complex (s = 8) of mercuripapain dis- 
sociates on dilution to the size of monomers. Hughes (25) has previously 
noted that the mercury mercaptalbumin dimer, which has the form al- 
bumin—S—Hg—S—albumin, dissociates on dilution. It is, therefore, 
likely that mercuripapain also contains linkages of this type. 

On the basis of the above discussion, it is probable that the heavy mer- 
curipapain complex contains two types of intermolecular linkages, papain— 
S—Hg—S—papain and papain—S—S—papain. The s = 8 unit must 
contain an even number of papain units in order to fit the ratio of 1 mole 
of Hg to 2 moles of papain. The approximate value of M, calculated 
above from the sedimentation constants, suggests the presence of 6 moles 
of papain in the complex. It should be reemphasized that the heavy com- 

plex must be the least soluble type (strongest crystal lattice forces), under 

the conditions of crystallization from 70 per cent ethanol (1), but many 
other types of Hg-protein interaction must take place in such solutions in 
the presence of excess mercury. 

The data given in Table II indicate that the equilibrium between the 
heavy material (s = 8) and the monomer is exceedingly sensitive to con- 
centration. If 6 moles of papain are combined in the polymer, this is to be 
expected, since for the over-all equilibrium 6 moles of papain = (papain) 
and K = (papain)./(papain)*. The amount of polymer formed would be 
a sixth power function of the papain concentration. The available data 
are consistent with a large exponential function but are not sufficiently 
precise for an estimate of the value of the exponent. Increasing the pro- 
tein concentration from 0.44 to 0.65 per cent increases the amount of heavy 
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polymer from an estimated maximum of 3 to 43 per cent of the total sedi- 
menting area. 

In considering the nature of the heavy complex, there are a number of 
possible formulations which will fit the known facts. One of the simplest 
isa cyclic unit containing 6 moles of papain with alternating disulfide and 
S—Hg—S bonds, but there is no direct evidence, as yet, to support this or 
any other specific picture. Further studies on the nature of the mercury 
complex and of other metal derivatives of papain are in progress. 


DISCUSSION 


From the data presented, it is apparent that crystalline papain and 
mercuripapain exhibit in the ultracentrifuge the properties of essentially 
homogeneous substances only under a limited and specified set of condi- 
tions. Papain itself, which appears to be readily oxidizable and reacts 
easily with heavy metals, exhibits a complex sedimentation behavior in the 
oxidized state and at neutral pH values at which it forms aggregates with 
the heavy metal ion impurities. When cysteine and Versene are present 
under stable reducing conditions at pH 4, papain is a monomeric substance 
with a molecular weight near 20,700, a value which is in excellent accord 
with analytical results on this protein. It is of interest that the monomers 
of the animal proteinases, chymotrypsin and trypsin, have a similar molecu- 
lar weight (20-23). 

Earlier estimates of the molecular weight of papain by Balls and Line- 
weaver (2) were made mainly by osmotic pressure measurements at pH 
6.4. It is evident from our studies that papain at this pH contains a mix- 
ture of monomers and dimers and that the average value of 27,000 ob- 
tained in the earlier studies is consistent with such a mixture. Our average 
value for the diffusion constant, Deo, is 10.3 X 10-7 sq. em. per second, 
and may be compared with that found by Balls and Lineweaver by the 
porous disk method. They obtained D = 0.060 sq. cm. per day at 8° 
which yields Doo.» = 9.9 X 10-7 sq. cm. per second. It is evident from 
the good agreement of these values that the diffusion constant measured 
by the porous disk method is that of the more rapidly diffusing monomers 
which migrate into an infinitely dilute buffer solution. 

It is evident from the present study and the accompanying reports 
(1,7, 8) that papain exhibits many features of considerable interest both as 
an enzyme and as a protein. Its enzymatic behavior on synthetic sub- 
strates permits a detailed study of its kinetics. The essential sulfhydryl 
group and the known amino acid composition render possible an attack on 
the nature of the active catalytic center. The complex physical behavior 
and the interaction with heavy metals are of interest in connection with 
the metal-binding properties of proteins and the aggregation of proteins. 
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SUMMARY 


1. Reduced papain and mercuripapain exhibit monomeric sedimentation 
behavior at pH 4 and yield a sedimentation constant (s20,.) of 2.42 Sved. 
berg units. The diffusion constant is 10.27 10-7 sq. em. per second. 
The calculated molecular weight is 20,700, in good agreement with other 
studies of this protein. 

2. Oxidized papain exists in aqueous solution as a mixture of monomeric 
and dimeric forms, the relative amounts being a function of protein con- 
centration. 


3. At pH 8 mercuripapain contains a mixture of monomers and a heavy 
aggregate apparently containing 6 moles of papain and 3 moles of Hg, 
The relative amounts are a function of protein concentration, the aggre. 
gate dissociating to monomers on dilution. Ordinary papain appears to 
contain trace metal impurities which also cause aggregation at pH 8. 

4, Electrophoresis of papain indicates an isoelectric point at pH 8.75, 
The mobility curve has a broad zone between pH 3.9 and 6.0 over which 
the mobility remains constant. Comparison of this curve with that of 
insulin and lysozyme suggests that most of the free carboxyl groups of 
papain and lysozyme are those of asparty! residues and that all, or nearly 
all, of the glutamy] residues are in the amide form. 
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CRYSTALLINE PAPAIN 
III. AMINO ACID COMPOSITION* 
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(Received for publication, November 3, 1953) 


The development, in this laboratory (1), of methods which permit the 
preparation of crystalline papain in good yield from commercial sources of 
this enzyme has made available sufficient material for an intensive study 
of its enzymatic and other properties (2, 3). In connection with the pro- 
teolytic specificity of papain, it is important to have some knowledge of the 
structure of this protein. 

At the time this work was begun, only fragmentary information was 
available concerning the amino acid composition of papain. A high tyro- 
sine content had been shown to be present in partially purified preparations 
by Fruton and Lavin (4). Kasseli and Brand (5) had made studies of the 
sulfur-containing amino acids in papain, and Balls and Lineweaver (6) had 
reported cystine determinations. A qualitative examination of a papain 
hydrolysate on a two-dimensional paper chromatogram was made by 
Blackburn (7) who observed relatively strong spots of glycine, tyrosine, 
proline, and lysine, and weaker spots of other amino acids. While our 
work was in progress, we learned that a study of the composition of crystal- 
line papain obtained from undried latex had been made by Close, Moore, 
and Bigwood (8). 

The present paper describes a study of the amino acid composition of 
papain as evaluated mainly by the chromatographic separation of the con- 
stituent amino acids on Dowex 50 and their quantitative estimation with 
the ninhydrin reaction by the procedure of Moore and Stein (9). 


EXPERIMENTAL 


The papain used for these studies was a twice recrystallized preparation 
(1) which was apparently homogeneous in the ultracentrifuge and showed 


* This investigation was aided by research grants from the National Institutes of 
Health, United States Public Health Service. 

t Postdoctoral Fellow of the American Cancer Society, recommended by the Com- 
mittee on Growth of the National Research Council. 

1 We are indebted to Dr. Stanford Moore of The Rockefeller Institute for Medical 
Research for permitting us to see a copy of this paper before publication, and for 
his helpful comments on our studies. 
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more than 98 per cent of a single component on electrophoresis (2). The 
relatively high purity and unique character of the papain preparation are 
also demonstrated by the findings reported below which show the complete 
absence of methionine, the presence of a single residue of histidine per mole 
of protein, and, in general, good stoichiometric relationships of residues 
present in small amounts. Study of the free amino groups of papain by 
the formation of the 2,4-dinitrophenyl (DNP) derivatives also demon- 
strates the relatively high purity of crystalline papain (3). 

The crystals of papain were washed with 95 per cent ethanol until free 
of chloride, three times each with absolute ethanol and ether, and then 
were dried in air. Samples were hydrolyzed for 20 or 70 hours in sealed 
Pyrex glass tubes in the absence of air at 105° with approximately 500 
volumes of 6 N HCl redistilled three times in glass. The hydrolysates of 
papain, which were worked up as previously described for carboxypeptidase 
(10), were essentially colorless and free of insoluble humin. The amount 
of protein in the hydrolysates was determined by duplicate micro-Kjeldah| 
analyses on suitable aliquots. The N content of our preparations of an- 
hydrous, ash-free papain was estimated to be 16.1 per cent (1). The amino 
acid estimations were performed as described earlier for the amino acid 
analysis of carboxypeptidase (10) by the chromatographic methods of 
Moore and Stein (9). 

Typical experiments showing the elution curves with long and short cdl- 
umns obtained with a preparation of papain hydrolyzed for 70 hours are 
shown in Figs. 1 and2. The data of duplicate experiments after hydrolysis 
for 20 and 70 hours are given in Table I, together with the results obtained 
after 140 hours of hydrolysis for the basic amino acids and for the first four 
amino acids which emerge on the long column. 

It is apparent that the recovery of serine, threonine, aspartic acid, and 
glutamic acid decreases with longer times of hydrolysis. The lines drawn 
through the individual data shown in Fig. 3 were calculated by the method 
of least squares, as were the increased liberation of ammonia and the ap- 
parent decrease in lysine between 20 and 70 hours. 

The values given as “average or extrapolated” in Table I require some 
explanation. For the first four amino acids listed the values given are 
those extrapolated to zero time of hydrolysis to account for apparent loss 
of these compounds. It has already been noted (10) that for papain these 
destruction factors are smaller than those found in similar experiments by 
the same methods on hydrolysates of carboxypeptidase, with the exception 
of glutamic acid for which there was no significant loss on prolonged hy- 
drolysis of carboxypeptidase. For the most part, the results are in rea- 
sonable agreement with the recent study of Close et al. (8) who used only 
a single time of hydrolysis (20 hours) and did not introduce any correction 
factors in their determinations. 
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The As expected, the yields of valine and isoleucine increase on hydrolysis 
are } for 70 hours and we have used these values. In addition, the yield of 
lete } jeucine decreases after prolonged hydrolysis and, at the same time, a slight 
nole | asymmetry on this peak, probably due to a peptide, vanishes. The 70 hour 
lues value is probably more accurate, since leucine would not be destroyed 
1 by } under the hydrolytic conditions. 
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four Fic. 1. Elution curve of a 70 hour hydrolysate of crystalline papain determined 
by the ninhydrin method on a Dowex 50 column, 0.9 X 100 em., for the acidie and 
neutral amino acids. The data are given as optica) densities (ordinate) without 
and correction for the different color yields given by the individual amino acids. The 
rawn abscissa shows the number of 1 ml. fractions collected. The ninhydrin color pro- 
thod duced by proline was read at 440 mu, by the other substances at 570 my in a Coleman 
e ap- junior spectrophotometer. For the run shown 2.53 mg. of protein hydrolysate were 


used. ASP = aspartic acid, THR = threonine, SER = serine, GLU = glutamic 
acid, PRO = proline, GLY = glycine, ALA = alanine, VAL = valine, TILEU = iso- 
some leucine, LEU = leucine, TYR = tyrosine, PHE = phenylalanine. 

1 are 
; loss In agreement with the observations of Close et al. (8) no methionine 
these | could be detected. Since only small amounts of cystine or of cysteic acid 
tsby | could be found, it is possible that some cystine was present under the 
ption | “glycine and alanine peaks” and was estimated with these amino acids. 
Lhy- | The apparent decrease in “glycine and alanine” between 20 and 70 hours 

| Tea: — may be due in part to the destruction of cystine. It should be noted, how- 
only | ever, that in control experiments performed under the same conditions with 
ction | a mixture of amino acids, cystine emerged immediately after alanine. 
However, cystine does racemize during acid hydrolysis and mesocystinee 
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would emerge with alanine under the conditions used.? Since glycine and 
alanine should be completely stable in acid solution, we believe that the 
70 hour recoveries are more nearly correct. 

Since methionine is absent, the cystine value given in Table I was com. 
puted by assigning all the sulfur of papain, 1.22 per cent (1), to this amino 
acid. 

The large deviations in the phenylalanine estimation are due to the diff. 
culty of estimating the small amount of this amino acid in the presence of 
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Fic. 2. Elution curve for the determination of the basic amino acid and am- 
monia on 20.9 X 15 cm. column of Dowex 50. The data are corrected for base-line 
color but not for the different color yields given by the individual substances. For 
the run illustrated 5.06 mg. of protein hydrolysate were used. HIS = histidine, 
LYS = lysine, ARG = arginine. 











‘ the relatively large amount of tyrosine. Tryptophan was independently 
determined by the colorimetric method of Spies (11). 

Accurate determination of the small amount of histidine is difficult be- 
cause of minor base-line variations when the usual quantity of hydrolysate 
is used. The analyses of the basic amino acids on the short column were 
performed with relatively large amounts of hydrolysate (3.8 to 10.1 mg. of 
protein) to obtain as precise estimates as possible. 

The situation with respect to lysine is not entirely satisfactory. In our 
study of the composition of carboxypeptidase (10), it was found that the 
recovery of lysine decreased linearly with time. Extrapolation to zero 
time of hydrolysis gave a result in good agreement with Thompson’s (12) 
estimation of this amino acid as e-DNP-lysine. In studies on papain, by 


* Private communication from Dr. Hirs, Dr. Moore, and Dr. Stein. 
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the DNP method, an average lysine content of 7.65 residues was obtained 
on the basis of a molecular weight of 20,300 (see below) without any cor- 
rection for hydrolytic breakdown of e-DNP-lysine (3). After correction 


TABLE I 
Amino Acid Recoveries from Papain Hydrolysates 


All the data are given as gm. of amino acid residue per 100 gm. of anhydrous, ash- 
free protein. Tryptophan was estimated colorimetrically (11). Cystine was cal- 
culated from the sulfur content of 1.22 per cent on the basis that all of this element 
is present in this form. 




















Time of hydrolysis — 
inten oth = Average or —< 
| 20 hrs. 70 hrs. 140 hrs. | si saat i 
| | | 
Aspartic acid. .. 9.69 9.57 8.73 | 8.46 | 7.99 | 9.79* + 0.16f| 8.56 
Threonine........| 3.33 | 3.17 | 3.06| 3.00 | 2.84| 3.30* + 0.05 | 3.12 
Gerine........... 4.63 | 4.66 | 3.92) 4.02 | 3.09 | 4.90* + 0.03| 4.17 
Glutamic acid....| 10.98 | 10.34 | 10.45 | 10.03 | 9.38 | 10.91* + 0.22 | 9.96 
Proline......... 4.39 | 4.39 | 4.06 | 4.39 | 4.31 +0.12| 3.79 
Glyeine......... | (6.85) | (6.54) | 6.49 | 6.29 6.39 + 0.10) 6.33 
 ~Sae | (5.13) | (6.30) | 4.67 | 4.30 4.49 + 0.19 | 3.73 
ae (6.43) | (6.60) | 6.92 | 7.34 | 7.13f + 0.21 | 6.36 
Isoleucine........| (4.48) | (4.34) | 5.07 | 5.36 5.22 + 0.14] 4.88 
leucine.......... | (6.45) | (5.44) | 5.24 | 5.28 5.26t + 0.02| 4.96 
Tyrosine......... | 13.50 | 13.06 | 12.84 | 13.58 | (13.25 + 0.30 | 11.50 
Phenylalanine....| 3.10 | 3.09 | 2.49 | 2.58 | | 2.82 + 0.28) 2.38 
Histidine. ....... | 0.69 | 0.86 | 0.70] 0.73 | 0.80| 0.75 +0.06| 0.84 
igiee........... | 4.75 | 4.94 | 4.43| 4.59| 4.74) 4.97*40.08| 4.49 
Ammonia (NH:).| 1.66 | 1.57 | 1.70] 1.60/1.99| 1.51* + 0.06 
Arginine......... | 6.93 | 6.85 | 7.22| 6.92|6.84| 6.95 + 0.11 | 6.83 
Tryptophan... . .| | | 4.27 +0.23| 4.02 
Cystine.......... | | 3.89 | 1.82 








* These values were obtained by extrapolating to zero time of hydrolysis in order 
tocorrect for apparent destruction or, in the case of amide groups (NHz), in order to 
correct for increased liberation of ammonia from the destruction of amino acids. 
The lysine value was obtained by extrapolation of the data for 20 and 70 hours of 
hydrolysis. 

t Average deviations. 

{These values are averages of the recoveries after 70 hours of hydrolysis; the 
parenthetical values are omitted. 


for the destruction of this derivative, this increases to 8.5 residues. Re- 
coveries of lysine from hydrolysates of papain chromatographed on Dowex 
50 show a small but apparently significant decrease between 20 and 70 
hours, followed by a slight increase after hydrolysis for 140 hours (Table 
I). The average of all these values gives a recovery of 4.69 per cent (on 
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a residue basis) equivalent to 7.4 residues for a molecular weight of 20,300, 
The discrepancy between this recovery and the corrected value obtained 
by the DNP method is greater than might be expected. We suspect that 
some loss of lysine is occurring during the prolonged hydrolysis, as is the 
case with carboxypeptidase hydrolysates (10), but that 1 or more of the 
lysine residues is coupled in peptide bonds which are difficult to hydrolyze. 
Extrapolation of the 20 and 70 hour figures may not be fully justified from 
our present results, but the estimate of nearly 8 residues (Table IT) must 
be close to the true value. 

The amide ammonia content estimated by extrapolation to zero time of 
hydrolysis is 1.51 + 0.06 per cent on a residue basis. This is in reasonable 
agreement with a single determination by the direct method made by 
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Fic. 3. Recoveries as a function of time of hydrolysis of various amino acids and 
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lines were calculated by the method of least squares. 


_ Thompson (3) who found 1.71 per cent ammonia or 1.61 per cent caleu- 
lated from the weight of amide (NH2.) residues. 

The amount of serine and threonine destroyed during hydrolysis for 140 
hours is equivalent to 0.025 mole per 100 gm. of protein. The excess 
ammonia, calculated from the least square line at zero and 140 hours is 
0.026 mole. As found earlier by Rees (13) and in our studies of carboxy- 
peptidase (10), the amount of ammonia liberated in excess of the amide 
content of the protein appears to be due to the destruction of the two 
hydroxy amino acids. The good agreement between the excess ammonia 
production and the estimated serine and threonine destruction is also in 
accord with the estimated small destruction factors obtained with papain. 


Composition of Papain 


Present estimates of the composition of papain are summarized in Table 
II. The average molecular weight has been calculated, on the basis of | 
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histidine residue per mole, from the results obtained for the ten amino 
acids, each present to the extent of less than 10 residues. The average 
value, 20,344, is almost identical with the average of 20,343 calculated 
for all the amino acids found in this protein. These results are in excellent 


TaBLeE IT 


Composition and Molecular Weight of Papain 























Gm. of Gm. of | N as | — 
amino acid |amino acid -_ " Assumed | : 

Amino acid a » — | of total gm ‘mao. wt | R.. TS for average 
protein protein | | of 20,344 
Aspartic acid. . | 9.79 | 1.38 | 7.40 | 1,176 | 19,992} 17 | 17.3 
Threonine. ... | 3.30 | 3.89] 2.84 | 3,064 | 21,448 | 7 | 6.6 
Serine. .... | 4.90 | 5.91] 4.89! 1,778 | 19,558 11 | 11.4 
Glutamic acid | 10.91 12.43 | 7.35 | 1,183 | 20,111 17 | 17.2 
Proline . | 4.81 | 5.11] 3.86 | 2,253 | 20,277 | 9 | 9.0 
Glycine | 6.39 | 8.41 | 9.75 | 893 20,539 | 23 | 22.8 
Alanine | 4.49 | 5.63] 5.50 | 1,584 | 20,592 13 | 12.8 
Valine . i ta 8.43 | 6.26 | 1,390 | 20,850 15 | 14.6 
Isoleucine 5.22 | 6.05] 4.01| 2,169 19,521 | 9 | 9.4 
Leucine . | 5.26 | 6.10] 4.05 | 2,152] 19,368; 9 | 9.45 
Tyrosine .| 13.25 | 14.71] 7.06 | 1,232 | 20,944] 17 16.5 
Phenylalanine 2.82 3.16 | 1.66 | 5,220 | 20,880 4 | 3.9 
Histidine . 0.75 0.85 | 1.43 | 18,293 | 18,293 1 1.1 
Lysine. . . 4.97 5.67 | 6.75 | 2,579 | 20,632 Ss | 7s 
Ammonia 1.51* 1.60* 8.19 | 1,060 | 20,140 19* | 19.2* 
Arginine. 6.95 | 7.75 | 15.48 | 2,247 | 20,223 9 | 91 
Tryptophan | 4.27 4.68 | 3.99 | 4,361 | 21,805 5 4.7 
Cystinef..... ..| 3.89 4.58 | 3.32] 5,249 | 20,996 pe 3.9 
| ee | 98.60 | 114.68 | 103.79 | 20,344t/ 178 | 177.65 

| | | 20,3438) 








*This value is omitted from the total. 

t Calculated from the sulfur content. 

t Average molecular weight for the ten amino acids present to the extent of less 
than 10 residues. 

§ Average molecular weight for all residues. 


agreement with the molecular weight of 20,700, calculated from sedimenta- 
tion-diffusion measurements (2). Analysis of mercuripapain shows that 1 
atom of mercury is combined with 43,500 gm. of papain (1). Half of this 
value is 21,750. These results leave little doubt concerning the molecular 
weight of this protein. Furthermore, an average yield of 1 mole of DNP- 
isoleucine was recovered per 23,900 gm. of papain (3), which, within the 
experimental limits of the DNP method, indicates that papain consists of 
asingle peptide chain with only one free a-amino group. 
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In general, the calculated number of individual amino acids present jp 
papain is reasonably satisfactory. The overlap between serine and the 
smaller amount of threonine in the elution diagram leads to some un. 
certainty, and we may have overestimated the serine content and under. 
estimated threonine. Likewise, the overlap between the large amount of 
tyrosine and the small amount of phenylalanine introduces a greater un. 
certainty in these values than is usually the case. The tyrosine content 
is probably 17 residues, since this amino acid may be somewhat labile! 
The uncertainties in the glycine and alanine estimations have already been 
mentioned. 

The estimation of the small content of histidine is subject to relatively 
large errors because of base-line variations, but there appears to be no 


TABLE III 
Tonic Groups of Papain 














| No. of groups | No. of groups 
Aspartic acid | 17 | Arginine | 9 
Glutamic “ 17 | Lysine | 8 
Terminal carboxy] | 1 Histidine 1 

| ———_—————| Terminal e-amino | 1 

35 

Amide groups | —19 | | 

| = —_ 
Total anionic groups 16 | Total cationic groups | 19 





doubt from our results and those of Close et al. (8) that papain contains only 
1 histidine residue per mole. 
_ The weight and nitrogen recoveries given in Table II indicate that the 

composition of this protein has been satisfactorily estimated, although the 
greater nitrogen recovery is somewhat puzzling. Uncertainty in the nitro- 
gen content of the protein (1) would influence the weight recovery but 
would have no effect on the estimated nitrogen recovery, since the quan- 
tity of protein in the hydrolysate was estimated from the same nitrogen 
content (16.1 per cent) as were the calculations of nitrogen recovery. In 
confirmation of the results of Close et al. (8) we could detect no carbohy- 
drate in papain by the carbazole method (14). The present data suggest 
that there is probably no significant quantity of unknown constituents in 
papain. 

Comparison of our results with those of Close et al. (8) has already been 
given in Table I. It should be noted that these investigators used a nitro- 
gen value for the protein of 16.4 per cent. For a more valid comparison 
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of our data and theirs, the weight recoveries in the last column of Table I 
should be 2 per cent higher. 

The absence of methionine has already been noted. However, Kassell 
and Brand (5) reported finding 0.4 per cent methionine and 4.2 per cent 
cystine. Balls and Lineweaver (6) found 3.4 per cent cystine. These 


TABLE IV 
Partial Specific Volume of Papain 


The values for V for the amino acid residues are those given by Cohn and Edsall 
(15). 

















Gm. amino acid 
Amino acid residue residue per 100 V VW 
gm. protein (W) 
Se ee 4.90 0.60 2.94 
aise ksh cas dictnib ns sis.0 Bhs crea wis 4.92 0.62 3.05 
EE oielnd ln is ho Kosi do oGe eccese oun’ 3.30 0.70 2.31 
Es cast sg Awaid-a > vad e-¥theouee cee 4.90 0.63 3.09 
NR oi sc 1 QR e ys ee Towle.s woaei 5.46 0.66 3.60 
ae Mutpigs ort oh ci ba bin ald OU RI 5.49 0.67 3.68 
DE fie ca cian ta patares baunbemvsrex aus 4.31 0.76 3.28 
Ra 3 bas Wiese ccnackasuseinetionsics 6.39 0.64 4.09 
Re dsr tiverthcihchse kind’ 6 did sdekadinenich ion 4.49 0.74 3.32 
NE sss Seine sl Lig entered ome aed gee 7.13 0.86 6.13 
I Sis eats aividis, Hedy e aces ealoe eos 5.22 0.90 4.70 
GI Li sic od Aww dain ae eaw mawa en 5.26 0.90 4.73 
rath 08 oir 6saiea dena tn> sce 13.25 0.71 9.41 
EE een 2.82 0.77 2.17 
Histidine. ....... ; jcveneresaeeea 0.75 0.67 0.50 
a vic wires Fisenia eee eee eee 4.97 0.82 4.08 
ee 55 a as antec tenia mccain 6.95 0.70 | 4.87 
I Soho din 55 hain sNiphnwndeeccaunens 4.27 0.74 | 3.16 
EE Fe gS ie rok iota cop eee as 3.89 0.61 2.37 
98 .67 71.48 
71.48 + 98.67 = 0.724 = V 








values are given on the basis of weight of amino acid and should be com- 
pared with our value of 4.58 per cent cystine computed from the sulfur 
content and the low value of 2.14 per cent determined by Close, Moore, 
and Bigwood (8). It is evident that there is little agreement among these 
values. Unless other sulfur-containing constituents are present, it would 
appear that the amount of cystine in this protein is not easily estimated. 
Although active papain undoubtedly contains cysteine as well as cystine, 
all of the sulfur has been assigned to cystine in Tables I and II. The data 
in Table II give a total of 182 amino acid residues when each cystine is 
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considered as 2 residues. The average residue weight is 20,344 divided 
by 182 or 111.8. 

In Table III, the number of ionic groups of papain is given on the as. 
sumption that a single terminal a-carboxyl group is present which would 
be consistent with the single free a-amino group present in this protein (3), 
The greater number of cationic than anionic groups is in accord with the 
basic properties of this protein which has an isoelectric point near pH 
8.75 (2). It may be assumed that, at the isoelectric point, the imidazole. 
the a-amino group, and the equivalent of one e-amino group exist in the 
uncharged form. 

The relatively complete accounting of the weight of papain permits a 
calculation of the partial specific volume (V) of this protein. Earlier 
studies have shown that such calculations are in excellent agreement with 
direct measurements (15, 16). The amide groups have been assigned 
equally as glutaminyl and asparaginyl residues, although it is likely that 
no or few glutamyl] residues are present (2); the assignment of the amide 
groups has no significant effect on V. The necessary corrections in the 
residue weights introduce a slight difference in the total weight of protein 
recovered. The values for the specific volumes of the amino acid residues 
are those given by Cohn and Edsall (15). The data are given in Table 
IV and lead to a value for V of 0.724. 

It is evident that papain possesses several distinctive features, the ab- 
sence of methionine, the single residue of histidine, and the large amount 
of tyrosine being the most noteworthy. Which, if any, of these character 
istics, in addition to essential sulfhydryl, is related to the enzymatic fune- 
tions of this protein remains to be determined. 


SUMMARY 


The amino acid composition of crystalline papain has been determined 
mainly by chromatography of hydrolysates of the protein on columns of 
Dowex 50. Destruction factors for the losses of serine, threonine, aspartic 
acid, glutamic acid, and lysine were estimated from the analyses after hy- 
drolysis for 20, 70, and 140 hours. Calculated losses of serine plus thre- 
onine are in good agreement with ammonia production in excess of the 
amide content. 

The molecular weight of the protein calculated from analysis is 20,300, 
in good agreement with other methods of estimation. Noteworthy fea- 
tures of the composition of this protein are the absence of methionine, the 
single residue of histidine, and the relatively high content of tyrosine. 
There are three more basic residues than acidic ones, in conformity with 
the basic properties of this protein and its isoelectric point at pH 8.75. 
The partial specific volume calculated from the amino acid composition is 
0.724. 
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CRYSTALLINE PAPAIN 
IV. FREE AMINO GROUPS AND N-TERMINAL SEQUENCE* 


By E. O. P. THOMPSON 


(From the Laboratory for the Study of Hereditary and Metabolic Disorders, and the 
Departments of Biological Chemistry and Medicine, University of Utah 
College of Medicine, Salt Lake City, Utah) 


(Received for publication, November 3, 1953) 


Papain, first crystallized by Balls, Lineweaver, and Thompson (1) from 
fresh papaya latex, has recently been crystallized in this laboratory from 
dried commercial latex (2) and shown to be homogeneous by the usual 
physical criteria (3). In order to characterize papain chemically, and as 
an additional criterion of purity, the 1,2 ,4-fluorodinitrobenzene (FDNB) 
method of Sanger (4) has been applied to the protein. A pure protein 
should give only stoichiometric amounts of N-terminal residues (5, 6) if 
no hydrolysis occurs during coupling with FDNB (7, 8). 

Whereas complete hydrolysis of a dinitrophenylated protein (DNP pro- 
tein) gives the N-terminal residues as dinitrophenylamino acids (DNP 
amino acids) (4, 9), partial hydrolysis yields a series of DNP peptides from 
the identification of which the N-terminal sequence can be deduced (6, 10, 
11). For DNP-papain the N-terminal sequence DNP-isoleucylprolylglu- 
tamic acid was determined. 

The greatest source of error in the estimation of the N-terminal residues 
of peptides and proteins by the DNP method resides in the factors used 
to correct for breakdown of the various DNP amino acids. Previous 
studies (12, 13) have indicated the destructive effect of both tryptophan 
and cysteine on DNP amino acids during acid hydrolysis; in this inves- 
tigation it was found that the major destructive effect was due to trypto- 
phan. The most satisfactory correction factor for hydrolytic breakdown 
of DNP-isoleucine was determined by hydrolysis in the presence of DNP 
protein (13), rather than protein (9), since the destructive effect of tryp- 
tophan is then divided among all the DNP groups in the DNP protein. 


EXPERIMENTAL 


Preparation and Properties of DNP-Papain—The papain and mercuri- 
papain were prepared by Dr. J. R. Kimmel as previously described (2) and 
dinitrophenylated in the usual manner (14) to give an approximately equal 

*This investigation was aided by a grant from the Rockefeller Foundation to 


Professor E. L. Smith and by grants from the National Institutes of Health, United 
States Public Health Service. 
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weight of air-dried DNP protein after washing three times successively with 
water, ethanol, and ether. 

The amount of protein in the DNP protein was determined by estimating 
the amide content of the air-dried preparations. Amide determinations 
were carried out after heating for 4 hours (105°) in a sealed tube with 2 
N hydrochloric acid, followed by neutralization with 2 nN NaOH to pH 5 
(brom cresol green) and distillation after addition of 0.15 m phosphate 
buffer, pH 10.5. 

The amide content of anhydrous papain was found to be 1.71 gm. of NH, 
per 100 gm. of protein. 100 mg. of air-dried DNP-papain corresponded to 
70 mg. of moisture-free papain. 

Hydrolytic Procedures—DNP-papain (50 mg.) was hydrolyzed com. 
pletely by heating in a sealed tube at 105° for 24 hours with 6 N hydro 
chloric acid (5 ml.) which had been distilled three times in glass. This 
was used in all the work reported herein. Partial hydrolysates were pre- 
pared in a similar manner by using shorter periods of time (1, 2, and 4 
hours) and also by using 12 n hydrochloric acid (5 ml. per 100 mg. of 
DNP-papain) for 8 days at 37°. Special hydrolyses (14) were performed 
to show the absence of DNP-glycine and DNP-proline as N-terminal res- 
dues. 

Extraction of DNP Derivatives—Complete hydrolysates were transferred 
to a separatory funnel with water to make a total volume of 25 ml. and 
extracted four times with 25 ml. portions of ether. The combined extracts 
were washed three times with small volumes (5 ml.) of water. 

Partial hydrolysates were diluted in the same way and extracted with 
8 X 25 ml. of ether, followed by three washings with water (5 ml.). Fur 
ther extraction of partial hydrolysates with ethyl acetate (3 x 25 ml. 
removed much yellow material from the aqueous layer. After washing 
with water, extraction into 1 per cent sodium bicarbonate, acidification 
and reextraction into ethyl acetate (6), much of the yellow color was re 


moved. Examination of this fraction gave only trace amounts of DNP-f 
isoleucyl peptides contaminated with larger quantities of e-DNP-lysy] pep f 


tides. 

Chromatography—Partition chromatography on buffered Celite 545 by 
the method of Perrone (15) was used. Glass tubes, 30 X 1 cm., were used 
to prepare the Celite columns, the lower end being closed with a 1-hole 
rubber stopper surmounted by a small circular piece of filter paper. After 
pouring the slurry of buffered Celite and water-saturated solvent into the 
column, a small layer of Celite was pressed onto the stopper by means d 
a perforated stainless steel plunger, followed by rapid strokes of the plunger 
to homogenize the suspension. The process was repeated until a colum 
3 cm. high had been prepared. Excess slurry was then poured from the 
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tube, and the Celite adhering to the walls was removed with a piece of 
cotton attached to the threaded end of a stainless steel rod. After removal 
of the stopper the column was ready for operation. 

The high altitude and occasional high temperatures prevailing in this 
laboratory make ether columns somewhat unstable, as shown by irregular 
fronts and inadequate separations of certain DNP derivatives. Better re- 
sults were obtained with a 1:1 mixture of chloroform and ether (CE 50) 
for certain separations, such as those of DNP-asparagine (R! = 0.04), 
DNP-aspartic acid (R = 0.07), DNP-glutamic acid (R = 0.3), DNP- 
serine (R = 0.2), and DNP-threonine (R = 0.5) on a column of pH 4. 

In general, the number of DNP derivatives in hydrolysates of DNP 
proteins or DNP peptides is small and suitable buffered columns can soon 
be worked out. Artifacts present in hydrolysates of DNP proteins are 
2,4-dinitroaniline and 2,4-dinitrophenol. The former moves fast on all 
columns and is thus easily removed, but the dinitrophenol, which is usually 
present in considerable amounts, behaves somewhat irregularly and moves 
slowly at higher pH values. Because of its high vapor pressure, however, 
most of it is conveniently removed by the cold finger sublimation tech- 
nique of Mills (16). Any remaining dinitrophenol (R = 0.4) can be sepa- 
rated from DNP-isoleucine (R = 0.2) and other DNP amino acids on a 
chloroform column of pH 7. 

Extracts of the hydrolysates were evaporated under reduced pressure 
at low temperatures, the residue being washed down with acetone and 
reevaporated to remove traces of water. The dinitrophenol was then re- 
moved by sublimation (16) as mentioned above. Finally, the flask was 
washed again with acetone, the acetone removed carefully under reduced 
pressure without splashing, and the desired solvent then added. The solu- 
tion of the DNP derivatives was then transferred to the column, followed 
by a few washings of the flask with small amounts of solvent. 

For complete hydrolysates the DNP derivatives were first passed 
through a CE 50 column of pH 4 which separated any DNP-aspartic acid, 
DNP-serine, DNP-glutamic acid, and DNP-threonine. The fast band was 
taken to dryness, dissolved in chloroform, and passed through a chloro- 
fom column of pH 7 to separate the DNP-isoleucine from the faster 
moving dinitroaniline and dinitrophenol. Any other DNP amino acids 
could also be detected on the chloroform columns of pH 7. The identity 
of all DNP amino acids isolated on columns has been confirmed by paper 
chromatography (17). With hydrolysates of DNP-mercuripapain an 
orange band insoluble in chloroform remained at the top of the column. 
With ether the band moved slowly down the column and on paper chro- 
matograms (17) did not correspond to any DNP amino acid. With ter- 


1R = the rate of movement of the band compared to that of the solvent. 
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tiary amyl] alcohol as solvent it moved faster than DNP-threonine by 
slower than DNP-alanine on paper buffered at pH 6. 

With partial hydrolysates the DNP derivatives were first passed through 
a CE 50 column of pH 4. Two bands were obtained with a faint sloy 
band at the top. The slow band consisted of DNP-aspartic acid, DNP. 
glutamic acid, DNP-serine, or peptides of these DNP amino acids. The 
intermediate band (R = 0.8 to 1.0) was purified on an ether column of pH 
4 to give a strong band (R = 0.5). Analysis showed this band to be the 
tripeptide. 

The faster band from the CE 50 column, pH 4, was run on a chloroform 
column, pH 7, which separated a mixed band (R = 0.2) of DNP-isoleucine 
and the dipeptide from dinitrophenol (R = 0.4) and dinitroaniline (R > 1), 
The slow band, when run on an ether column of pH 7, gave DNP-isoleucing 
(R = 0.8) and another band (R = 0.15) identified as the dipeptide. 

The comparative rates of DNP-isoleucine and DNP-isoleucylprolin 
were very different with chloroform and ether as solvents. This may he 
due to the slight solubility of proline in chloroform, whereas it is insoluble 
in ether. 

The aqueous phase remaining after extraction of DNP derivatives soluble 
in organic solvents was diluted to a standard volume and suitable aliquots 
were used to identify the constituent DNP amino acids. No DNP-arginin 
could be detected on formaldehyde columns of pH 7 by the sensitive method 
of Bailey (5) and no bis-DNP-histidine was detected. «-DNP-lysine wa 
separated with 15 per cent butanol in chloroform, saturated with n H(| 
on silica columns impregnated with n hydrochloric acid (4). 

Regeneration of Amino Acid from DNP Amino Acid—Since DNP-iso 
leucine and DNP-leucine cannot be distinguished by chromatography, it 
was necessary to regenerate the parent amino acid. This was accom 
plished by heating with saturated barium hydroxide solution (18) ina 
sealed tube for 2 hours at 140° or overnight at 105°. The barium was 
precipitated by a small piece of dry ice and, after heating in a boiling water 
bath for 5 minutes to decompose any carboxyamino acids, the precipitate 
was centrifuged. The amino acid in the aqueous phase was identified by 
chromatography of aliquots on No. 4 Whatman paper with water-saturated 
teritary amyl alcohol as solvent. Only one spot was obtained correspond- 
ing in Ry to isoleucine. Mixed chromatograms gave only one spot with 
isoleucine but two spots with leucine. 

Estimation of DNP Derivatives—Quantitative determinations of the DN? 
derivatives were made with a Beckman spectrophotometer. Hydrochlorit 
acid (1 N) was used as solvent for e~DNP-lysine at 390 my, and 1 per cent 
aqueous sodium bicarbonate for all other DNP derivatives at 350 mz (6). 

There is ample evidence (6, 11) that the spectra of DNP derivatives are 
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in most cases conditioned by the dinitrophenyl group. However, exami- 
nation of DNP-proline showed it to have a different absorption spectrum? 
with a maximum at 385 my and a minimum at 300 my. The optical 
density (log Io/Z) of 20 um solutions of DNP-proline was 0.202 at 350 
mp and 0.370 at 385 mu. DNP-proline was estimated at 385 mu. 

Analysis of Isolated DN P-Peptides—The DNP-peptides, after estima- 
tion, were recovered from the sodium bicarbonate solutions by acidification 
and ether extraction. The DN P-peptides were hydrolyzed in a sealed tube 
at 105° for 24 hours with 6 Nn HCl. The cooled hydrolysate was extracted 
with ether as previously described; the DNP amino acid was purified on 
appropriate columns and estimated. The aqueous phase and washings 
were evaporated to dryness in vacuo and examined by paper chromatog- 
raphy with butanol-acetic acid and phenol-0.3 per cent aqueous ammonia 
as solvents. An approximate estimation of the molar ratio of constituent 
amino acids was made by the “spot dilution’? method (20). 

These analyses were confirmed by conversion of the amino acids in the 
aqueous phase to their DNP derivatives (6, 11), which could be estimated 
spectrophotometrically after separation of the DNP amino acids on ap- 
propriate columns or on paper. Paper chromatograms have the advantage 
that smaller amounts are required, and that most of the DNP amino acids 
can be separated simultaneously and are easily eluted with 1 per cent 
NaHCO;. On columns DNP-glutamic acid (R = 0.3) was first separated 
on a CE 50 column of pH 4 and the DNP-proline on a pH 4.9 CE 50 col- 
umn (R = 0.7). The reproducibility and accuracy of this method was not 
high although sufficient for the present purpose. Substantially, the same 
accuracy was obtained with paper or column chromatography. 

DNP Amino Acids in Complete Hydrolysates of DN P-Papain—Several 
different preparations of papain and mercuripapain were examined. DNP 
amino acids in non-stoichiometric amounts were obtained with all prepara- 
tions, but fewer DNP amino acids and smaller amounts were obtained with 
mercuripapain. Papain crystals washed with cold 2 per cent sodium chlo- 
ride gave cleaner preparations. 

Results obtained with typical preparations are given in Table I. The 
yields of the DNP amino acids are expressed as moles per mole of papain, 
molecular weight 20,300. This value for the molecular weight is the most 
probable one, as judged by amino acid analyses (21) and the sedimentation 
and diffusion data (3). 

DNP-mercuripapain gave approximately stoichiometric amounts of 
DNP-isoleucine and, in addition, small amounts of DNP-aspartic acid, 
DNP-glutamic acid, and DNP-serine. The presence of traces of these 


*Schroeder, Honnen, and Green (19) have also recently reported the different 
absorption spectrum of DNP-proline. 
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amino acids as N-terminal residues could be indicative of contaminatioy 
with other proteins, but the possibility of slight splitting of peptide bonds 
during coupling with FDNB in alkaline solution cannot be excluded. |) 
work with large proteins with no N-terminal residues (5, 22) the presenee 


TABLE I 
DNP Amino Acids in Complele Hydrolysates of DNP-Papain Preparations 
Pp I } 


. ss , Pee , Moles DNP amino acid per moh 
are > « a < > ie 
Preparation DNP amino aids identified papain (mol. wt. 20,300)* 





Papain I,f recrystallized twice Isoleucine 0.99 
in absence of cysteine, not Aspartic acid 0.25 
washed with 2% NaCl Serine 0.1 

Glutamic acid 0.15 
Threonine 0.05 
Alanine | 0.2 
Valine 0.2 
Glycine Traces 
e-DNP-lysine | 8.1 

Papain II, recrystallized twice Isoleucine 0.80 
in absence of cysteine, washed Aspartic acid ) 
once with 2% NaCl Serine 0.1 

Glutamic acid 
| Alanine 
| Valine | Traces 
Glycine} | 
Mercuripapain I Isoleucine 0.84 
Aspartic acid | 
Serine 4 0.07 
Glutamic acid} 
e-DNP-lysine 7.7 
Mercuripapain II Isoleucine | 0.80 
Aspartic acid ) 
Serine 0.07 
Glutamic acid 
e-DNP-lysine 7.6 


* These values are uncorrected for hydrolytic breakdown. 
+ This preparation was obviously impure and the results were omitted in cal- 
culating the mean recoveries. 





of these particular N-terminal amino acids in small amounts has bee 
reported. 

DNP-papain, in addition to small amounts of the same DNP amino 
acids obtained with DNP-mercuripapain, gave small amounts of othe 
DNP amino acids. These additional DNP amino acids may represent }- 
terminal residues in contaminant peptides or proteins, or amino groups & 





posed 
minor 
With 
suitab 
The 
prepar 
shower 
ric N- 
Bree 
suitab’ 
on a ¢ 
evapo! 
in6N 
the tot 
at 105 
matog 
taken 
weight 
the yi 
The re 
out sil 
of «-D 
Tab 
the pr 
severa 
in the 
acids 1 
amour 
and th 
tent in 
The as 
In cer 
weight 
sumed 
an exe 
not be 
Vari 
trypto 
a sma 
destru 
greate! 
ceptib 


ation 
nds 
In 


sence 


per mok 
00)* 


| in ¢al- 


s been 


amino 
f other 
sent N- 
UPS ef 





E. O. P. THOMPSON 569 


posed by slight autolysis of papain during its isolation, both types of such 
minor contaminants being removed by crystallization as mercuripapain. 
With mercuripapain autolysis is impossible, since it is inactive unless 
suitably activated (2). 

The yield of DNP-isoleucine with papain I was higher than in the other 
preparations. Regeneration of the amino acid from the DNP derivative 
showed only isoleucine, but the larger quantities of other non-stoichiomet- 
ric N-terminal residues indicated an impure preparation. 

Breakdown of DNP-Isoleucine and e-DNP-Lysine during Hydrolysis—A 
suitable quantity of DNP-isoleucine in acetone was evaporated and purified 
on a chloroform column of pH 7 before estimation. Equal aliquots were 
evaporated carefully in Pyrex test-tubes and the required substances (some 
in6 N HCl solution) were added, together with sufficient 6 n HCl to make 
the total volume 5 ml. The test-tubes were sealed and heated for 24 hours 
at 105°. The DNP-isoleucine was recovered after extraction and chro- 
matography as previously described. A quantity of DNP-isoleucine was 
taken which would be approximately the same as that recovered from the 
weight of DNP-papain used. Recoveries were based on comparison with 
the yield from the standard aliquot after running through the column. 
The recovery of e-DNP-lysine in the presence of DNP protein was carried 
out similarly with the appropriate columns for purification and a solution 
of ¢DNP-lysine in 6 n HCl. 

Table II shows the recoveries when DNP-isoleucine was hydrolyzed in 
the presence of various added substances. Thompson (12) found that 
several amino acids, apart from tryptophan, caused little or no alteration 
in the destruction of bis-DNP-lysine during heating with acid; some amino 
acids not tested by her have been included in the present studies. The 
amounts of protein or DNP protein used were equivalent in amide content, 
and the weights of amino acids used were mostly equivalent to their con- 
tent in the weight of papain taken, as indicated by amino acid analysis (21). 
The assumed number of residues per mole of papain is given in parentheses. 
In certain cases larger amounts than would be present in the standard 
weight of papain were used; for example, in the case of cystine it was as- 
sumed that all the S atoms of papain were present as such and for cysteine 
an excess was also used as the number of residues of these amino acids has 
not been definitely established. 

Variations of 5 per cent are probably insignificant, but it is obvious that 
tryptophan causes the largest destruction of DNP-isoleucine, with possibly 
a small contribution from the sulfur-containing amino acids. The larger 
destruction caused by protein compared to DNP protein is due to the 
greater number of DNP groups present in the latter, all of which are sus- 
ceptible to destruction by tryptophan (12). The destructive effect of the 
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protein was very close to that of its tryptophan and sulfur content (take, 
as cystine). 

The recovery of e~-DNP-lysine (1.1 X 10-* mole), after heating for % 
hours with 5 ml. of 6 n hydrochloric acid in a sealed tube at 105°, was % 
per cent alone and 90 per cent in the presence of DNP-mercuripapain J] 
(25 mg.). 


TaBLe II 
Recovery Factors for DN P-Isoleucine 
The DNP- isoleucine (6.5 X 10-7 mole) was heated for 24 hours in a sealed tule 
with 5 ml. of 6 N HCl and the appropriate substance. The figures in parenthesg 
are the assumed number of residues of amino acid in 1 mole of papain. 


Added substance Amount added | DNP- isoleucine recovered 

| mg. | per cent be 
Se a ee eer years ae 92 
SET oo Go nn.s siyinreicin ois xed 4 18.8 63 
Mercuripapain II*.............. 18.3 63 
Co | eee ee 25.7 97 
DNP-mercuripapain II*........ 25.0 104 
DNP-mercuripapain I.......... 24.6 90 
Lysine hydrochloride. ..........| 1.4 (9) 97 
SE eat cana cet Anca sane o 0.85 (9) 98 
Histidine hydrochloride......... | 0.16 (1) 96 
my ti adem | 1.6 (10) 94 
IG 5s disc ehwantnawedien | 0.80 (4) 89 
Cysteine hydrochloride......... | 0.80 (6) 93 
I 4 isn nits se dec aware 0.83 (5) 70 
_ + cystine.......... 0.83 (5) + 65 

| 0.80 (4) 








* Air-dried. 

¢ At the time this experiment was carried out the molecular weight of papail 
was assumed to be 21,500. The weight of tryptophan equivalent to the weight of p- 
pain used should be 0.88 mg. for a molecular weight of 20,300. 


Recoveries of DNP-Isoleucine and e-DNP-Lysine—The recoveries ¢ 
DNP-isoleucine given in Table I range from 0.80 to 0.84 mole per mole 
papain. The correction factors determined in the presence of DNP pr 


tein suggest that less than 10 per cent destruction of DNP-isoleucine haf 


occurred. Also, after 72 hours of hydrolysis of DNP-mercuripapain II, tle 
recovery of DNP-isoleucine was 0.69 mole (uncorrected). That is only: 
14 per cent loss from the value in Table I after 48 hours of further by 
drolysis. If the mean correction factor (97 per cent) determined in th 
presence of DNP protein is applied, the N-terminal isoleucine corresponé 
to 0.83 to 0.87 mole. Within the accuracy of the DNP method this int: 
cates a single polypeptide chain with N-terminal isoleucine. 
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The correction factor determined in the presence of protein gives 1.3 
moles of N-terminal isoleucine. There is no doubt that the correction 
factor determined in the presence of DNP protein gives the order of the 
necessary correction more accurately. The stability of DNP-isoleucine 
was also evident from analyses of the DNP-isoleucy] peptides isolated from 
partial hydrolysates. 

The uncorrected values for e-~-DNP-lysine in Table I give a mean value 
of 7.65 moles. If the correction factor determined in the presence of DNP 
protein (10 per cent) is applied, this corresponds to 8.5 moles of lysine. 
The accuracy of the DNP method is not sufficient to indicate whether the 
true value is 8 or 9, but the amino acid analyses of Smith, Stockell, and 
Kimmel (21) suggest that 8 moles is probably the correct value. A small 
error in the correction factor could account for the higher value. That 
«DNP-lysine is very stable to acid hydrolysis is evident from the fact the 
DNP-mercuripapain II, after 72 hours of hydrolysis, gave 7.6 moles of 
-DNP-lysine (uncorrected), identical with the value at 24 hours (Table I). 
A batch of DNP-papain similar to DNP-papain II gave 7.9 moles (un- 
corrected) after 14 hours of hydrolysis. 

DNP Peptides—Complete hydrolysis and analysis of the isolated DNP 
peptides showed that the N-terminal residue was DNP-isoleucine. In ad- 
dition, the DNP peptides contained the following amino acids: dipeptide, 
proline; tripeptide, proline and glutamic acid. 

The results suggested the sequence isoleucylprolylglutamic acid. When 
the tripeptide (0.38 X 10-® mole) was further hydrolyzed with 6 nN hydro- 
chloric acid at 105° for 1 hour, in addition to unchanged tripeptide (0.17 x 
10-* mole), DNP-isoleucine (0.09 X 10-* mole) and the dipeptide (0.1 x 
10-* mole) were isolated and identified by their chromatographic behavior. 
By the “spot dilution’? method (20) it was obvious that the amino acids 
were present in equimolecular amounts compared with the yield of DNP- 
isoleucine. These results were confirmed by analyses of all constituent 
amino acids after conversion to their DNP derivatives which could be 
estimated spectrophotometrically. The values obtained in these experi- 
ments are shown in Fig. 1. In all cases the recovery of DNP-isoleucine 
was as high as that of any other amino acid, indicating little, if any, de- 
struction during further hydrolysis. 

The results of partial hydrolysis experiments are given in Table III. 
Hydrolysis with 12 n HCl at 37° for 8 days was the most satisfactory 
method for obtaining good yields of DNP peptides. Altogether, the prod- 
ucts accounted for 0.88 mole of the N-terminal isoleucine residues per mole 
of papain, in good agreement with the value obtained on complete hy- 
drolysis. 

With 6 n HCl at 105° in a sealed tube the DNP-papain did not dissolve 
for several hours. The yields of the di- and tripeptide were maximal after 
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2 hours, but only 0.45 mole of N-terminal isoleucine residues was accounted 
for. This was probably due to the heterogeneous nature of the reaction 
mixture. 

No DNP peptide larger than the tripeptide was detected in any of the 
hydrolysates. 
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Fic. 1. Results of quantitative estimation of the constituent amino acids in the 
DNP peptides obtained by partial hydrolysis of DNP-mercuripapain. JLEU = 
isoleucine, PRO = proline, GLU = glutamic acid. 


TaB_e III 
Yields of DNP-Isoleucine and DNP-Isoleucyl Peptides from Partial Hydrolysate 
of DNP-Mercuripapain 
Moles per mole papain (mol. wt. 20,300) 


Conditions of hydrolysis DNP-isoleucyl- 


DNP- DNP- + 
isoleucine isoleucylproline — Total 
12 N HCl, 8 days, 0.05 0.33 0.50 0.88 
ao ee hr., 105°... 0.04 0.18 0.09 0.31 
ee © Bani ee :.. a 0.15 0.18 0.12 0.45 


SS. & * Or, ‘eu 0.44 


0.14 0.08 0.66 


DISCUSSION 


The presence of only trace amounts of N-terminal residues in nob 
stoichiometric amounts suggests that mercuripapain (2) is substantially 
homogeneous, in agreement with the activity (2) and physical data @ 
Papain itself seemed less pure than the mercuripapain, in agreement with 
its slightly lower activity (2) and electrophoretic pattern (3). Isoleucine 
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was detected as an N-terminal residue in amounts which indicate that 
papain is a single polypeptide chain and the DNP peptides obtained on 
partial hydrolysis are in accord with a unique N-terminal sequence iso- 
leucylprolylglutamic acid. 

The absence of DNP peptides higher than the DNP tripeptide suggests 
that the next bond is particularly labile to acid hydrolysis, which would 
be the case if the 4th residue is serine or threonine (23), or if the 4th residue 
is tryptophan which is destroyed by acid hydrolysis. 

The specificity of enzymatic cleavage is different from that shown by 
acids, but DNP proteins are too insoluble to be degraded in this way. 
Experiments with a partially substituted DNP-papain (24) which had a 
higher solubility did not give higher peptides. Trypsin gave no DNP- 
isoleucyl peptides. Pepsin gave only a small amount of the DNP tri- 
peptide, but, since the digestion was performed at pH 2 to 3 for several 
days at room temperature, the hydrolysis could have been due to the 
acidic medium, rather than to the enzyme, if the 4th residue is serine or 
threonine. 


SUMMARY 


The 1,2 ,4-fluorodinitrobenzene technique has been applied to crystalline 
papain and mercuripapain. The a-amino group of isoleucine and the 
camino groups of lysine were the only free amino groups present in stoichio- 
metric amounts. ‘The results indicate that there is one N-terminal iso- 
leucine residue and 8 or 9 lysine residues. Identification of the DNP- 
isoleucyl peptides produced by partial acid hydrolysis of DNP-papain gave 
the N-terminal sequence isoleucylprolylglutamic acid. 

The chromatographic methods applied to the complete and partial hy- 
drolysates of this protein are described. 
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OXIDATION OF CHOLINE-LIKE SUBSTANCES BY RAT LIVER 
PREPARATIONS. INHIBITORS OF CHOLINE OXIDASE* 


By IBERT C. WELLS 


(From the Department of Biochemistry, State University of New York Medical 
College at Syracuse University, Syracuse, New York) 


(Received for publication, September 14, 1953) 


The work of Moyer and du Vigneaud (1) has demonstrated that, of a 
considerable number of compounds related to choline, choline itself, be- 
taine, its sulfur analogue dimethylthetin, and the dimethylethyl analogue 
of choline, 7.e. dimethylethyl-8-hydroxyethylammonium chloride, are the 
only ones which will permit rat growth on a methionine-free homocystine- 
containing diet. Subsequent work by Dubnoff and Borsook (2, 3) and by 
Muntz (4) suggests that choline can furnish a labile methyl group for 
methionine synthesis only after it has been oxidized to betaine by means of 
the enzyme choline oxidase. In this paper are reported the studies of 
choline oxidase with various analogues and homologues of choline as sub- 
strates in order to ascertain whether or not this high degree of compound 
specificity of dietary methyl donors could be related to the specificity of 
choline oxidase for substrate. 

For these studies, rat liver homogenates and preparations of rat liver 
mitochondria (5) were used as sources of the enzyme. It was observed 
that not only were choline and the dimethylethy] analogue of choline oxi- 
dized, but several choline-like compounds which are known (1) not to be 
methyl donors in vivo were also oxidized. Among these substances were 
diethylmethylcholine, 8-methylcholine, and a,a-dimethylcholine. It was 
also observed that several of these substances which were not oxidized at 
all, or were oxidized only very slowly, had the ability to inhibit markedly 
the oxidation of choline. Compounds of this class were dimethylamino- 
ethanol, a,a-dimethyltriethylcholine, and 2-amino-2-methylpropanol-1. 
The inhibitory activity exhibited by these compounds indicated that 
choline oxidase had a strong affinity for them. 

Since in these studies purified choline oxidase was not used, it could only 
be presumed that in the rat liver homogenates and rat liver mitochondrial 
preparations choline oxidase was the effective enzyme. However, those 
compounds which were oxidized by the rat liver homogenates and rat liver 
mitochondrial preparations were not oxidized at all by guinea pig liver 
homogenates, a preparation which has been demonstrated to contain no 

* Presented in part at the meeting of the American Society of Biological Chemists, 
Chicago, Illinois, April, 1953. 
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choline oxidase (3, 6). In addition, it is demonstrated in this paper that 
two of the compounds, 2-amino-2-methylpropanol-1 and a,a-dimethy)- 
triethylcholine, which inhibit the oxidation of choline by rat liver homog. 
enates and rat liver mitochondrial preparations also inhibit the synthesis 
of methionine from choline and homocystine in the in vitro system of Dub. 
noff and Borsook (2). 

From the results obtained in these studies in conjunction with the re. 
sults of the dietary experiments reported (1) it is concluded that among 
those choline-like substances which have been tested for their methyl 
donating ability the high degree of compound specificity observed cannot 
be attributed to the specificity of choline oxidase for substrate. 


EXPERIMENTAL 


Preparation of Substrates—The choline-like substances used in these 
studies may be divided into five series on the basis of the parent amine of 
which they are the N-alkyl derivatives: Series I, ethanolamine; Series II, 
3-aminopropanol-1;! Series III, 1-aminopropanol-2; Series IV, 2-amino-2- 
methylpropanol-1; Series V, 2-amino-2-methylpropanediol-1 ,3. 

Of the compounds of Series I, ethanolamine and its dimethyl and diethyl 
derivatives were obtained commercially, whereas the dimethylethyl] and 
diethylmethy] derivatives? were prepared from these latter two compounds 
by alkylation with the proper alkyl iodide in the presence of silver hy- 
droxide.* The aqueous solutions of the quaternary bases were neutralized 
with hydrochloric acid and then distilled to dryness in vacuo. The solid 
residues were dissolved in the minimal volume of absolute ethanol, and 
from these solutions the quaternary salts were precipitated by the addition 
of dry ether. The crystalline materials were collected on filters and dried 
in vacuo over calcium chloride. The triethyl derivative was prepared 
according to the procedure of Channon and Smith (7). 


1 Kindly supplied by the American Cyanamid Company, Stamford, Connecticut 

* These compounds were not obtained as solids, and all attempts to crystallize 
them failed. However, they were dissolved in the minimal volume of absolute 
ethanol and reprecipitated by the addition of dry ether. The precipitate was 4 
liquid or semisolid at low temperatures. After the ether-ethanol supernatant frae- 
tion had been decanted, the precipitation procedure was repeated at least once with 
each compound. The oily residues crystallized upon standing in vacuo over calcium 
chloride, but these crystalline masses were not filtrable. They were dissolved ina 
suitable volume of distilled water, and the concentration of the resulting solution was 
determined by the Kjeldahl procedure. 

3 The amine was stirred continuously in aqueous suspension with the theoretical 
weight of alkyl iodide and slightly more than the theoretical weight of AgOH for 18 
hours. The solution of the quaternary amine was obtained by filtering the mixture 
to remove the precipitate of AgI and unused AgOH. Upon neutralization of this 
solution with hydrochloric acid a precipitate of AgCl usually formed and was re- 
moved by filtration before the distillation step. The yields were about 80 per cent. 
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3-Aminopropanol-1 and its diethyl derivative served as starting materials 
for the compounds of Series II. The diethylmethy! and triethyl deriva- 
tives? were prepared by alkylation of the latter, while the trimethyl] deriva- 
tive was prepared by methylation of 3-aminopropanol-1 as described above. 

The trimethyl and triethyl derivatives? of Series III were prepared from 
propylene bromohydrin and trimethylamine and triethylamine, respec- 
tively, according to the procedure of Channon and Smith (7). The bro- 
mides which resulted were converted to the chlorides by permitting them 
to react with silver chloride, as described by Moyer and du Vigneaud (1). 
From the diethyl derivative, which was obtained commercially, the diethyl- 
methyl derivative? was prepared by methylation as described above. 

a,a-Dimethylcholine chloride, Series IV, was prepared from 2-amino-2- 
methylpropanol-1 as described by Moyer and du Vigneaud (1). The 
triethyl derivative was prepared by alkylation as described above. 

The trimethyl and triethyl derivatives? of Series V were prepared by 
alkylation, as described above, of 2-amino-2-methyl-1 ,3-propanediol which 
was obtained commercially. 

The primary, secondary, and tertiary amines in these series of compounds 
were neutralized to pH 7.4 with hydrochloric acid. 

Determination of Substrate Efficiencies—To determine how well each of 
the above compounds served as substrate for choline oxidase, the mano- 
metric procedure described by Richert and Westerfeld (8) for the estima- 
tion of choline oxidase activity was employed. Liver tissue was obtained 
from adult rats which had been maintained on a stock chow diet. The 
additions to the Warburg vessels were the same as those in the proce- 
dure followed except that 0.15 ml. of 0.5 m choline solution or of an equi- 
molar solution of the other substrates was added instead of 0.3 ml. of 
0.25 m solution; the resulting deficiency in volume was made up with 
distilled water. 

The controls and substrates were set up in pairs and the rate of oxygen 
uptake for each substrate was compared with the simultaneous rate of 
oxygen uptake of choline. The average of the results of at least three runs 
on each substrate was taken. They are shown in Table I. 

Since choline oxidase occurs largely in the mitochondrial fraction of rat 
liver homogenates (5), those substrates which were oxidized by the ho- 
mogenates were tested again with liver mitochondrial suspensions prepared 
according to the method of Schneider and Hogeboom (9). In these prepa- 
rations a 1:5 homogenate in 0.25 M sucrose was employed. The final 
sediment of mitochondria was resuspended in 0.04 mM phosphate buffer, pH 
74, with one-half the volume of the original homogenate. 0.5 ml. of this 
suspension was used in the procedure described above. Three runs were 


‘Obtained from Albino Farms, Bainbridge, New York. 


XUM 












































TABLE I 
Oxidation of Choline-Like Compounds by Rat Liver Homogenates and 
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made with each substrate. The results of these studies were expressed in 
the same way as were those with the homogenates. They are shown in 
Table I and are generally in excellent agreement with the results obtained 
with the homogenates. 

Oxidation of Substrates by Guinea Pig Liver Homogenates—Since guinea 
pig liver homogenate has been shown (3, 6) to contain very little or no 
choline oxidase, experiments were carried out to see whether those com- 
pounds which were oxidized well with rat liver homogenates would be 
oxidized by guinea pig liver homogenates. The experiments were set up 
as above with 0.5 ml. of a 1:5 guinea pig liver homogenate instead of the 
rat liver homogenate. Two runs were made with each substrate. There 
was essentially no oxygen uptake when choline was the substrate, nor were 
the following compounds oxidized: dimethylethylcholine, diethylmethyl- 
choline, 8-methyldiethylmethylcholine, 6-methylcholine, a ,a-dimethylcho- 
line, and a-methyl-a-hydroxymethylcholine. All of these compounds were 
appreciably oxidized by rat liver homogenates under the same conditions. 

Inhibition of Choline Oxidation—Another criterion to judge whether or 
not these substrates were being acted upon by choline oxidase would be to 
determine the ability of these compounds to inhibit the oxidation of cho- 
line. These experiments were carried out with rat liver homogenates as 
above except that 0.15 ml. of 0.5 m choline chloride solution was substi- 
tuted for the 0.15 ml. of H,O in the substrate vessels. Thus the molar 
ratio of choline to substrate in each of these vessels was 1:1. In these 
studies at least three runs were made with each substrate; the average per 
cent decrease in the rate of oxygen uptake of choline was noted and ex- 
pressed as per cent inhibition of choline oxidation. These results are 
presented in Table I. 

Since some of these compounds exhibited a marked ability to inhibit the 
oxidation of choline, it became of interest to extend this study in order to 
see how extensively the oxidation of choline could be inhibited. For this 
purpose compounds were chosen which were oxidized not at all or only very 
slightly and which exhibited a strong inhibitory activity at a molar ratio 
of choline to substrate of 1:1. The substances which satisfied these re- 
quirements were 2-amino-2-methylpropanol-1, a,a-dimethyltriethylcho- 
line, and dimethylaminoethanol. 

Solutions of these substances and choline were prepared in which the 
molar ratio of choline to inhibitor was as follows: 1:0, 1:0.25, 1:0.50, 1:1, 
1:2, 1:3, and 1:4. The molar concentration of choline in each solution 
was 0.25, and the manometric procedure was the same as that described 
above except that 0.3 ml. of these solutions was added to the side arm 
instead of 0.15 ml. of substrate solution plus 0.15 ml. of H,O. Thus the 
concentration of choline in each vessel was the same as before. Three 
runs were made with each inhibitor at each level of concentration. 
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The average results of these studies with rat liver homogenates and rat oxidas 
liver mitochondrial preparations are shown in Figs. 1 and 2, respectively, the ra 
Inhibition of Methionine Synthesis—Since choline oxidase is essentially systen 
related to the synthesis of methionine from choline and homocysteine (3, 4), cholin 
further evidence that these compounds were in fact inhibiting choline pH 7. 
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Fia. 1. Inhibition of choline oxidation in rat liver homogenates. Solid line, 
a,a-dimethyltriethylcholine; dash line, 2-amino-2-methylpropanol-1; dash-dot line, +T 
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oxidase could be had if it were shown that they had the ability to decrease 
the rate synthesis of methionine in a suitable system. Such an in vitro 
system has been studied by Dubnoff and Borsook (2). In this procedure, 
choline and homocysteine or homocystine are incubated anaerobically at 
pH 7.4 in the presence of a suitably prepared rat liver homogenate for 3 
hours at 38°. The mixtures are then deproteinized, and the methionine 
concentration in the filtrate is measured colorimetrically. 

This procedure was used to study the ability of 2-amino-2-methylpro- 
panol-1 and a,a-dimethyltriethylcholine to inhibit methionine synthesis. 
The same concentrations of homogenate, pt-homocystine, and choline em- 
ployed by Dubnoff and Borsook were used, and the inhibitors dissolved in 


TABLE II 
Methionine Synthesis in Rat Liver Homogenates 


Net methionine synthesized* 
Homocystine plus 


Run 1 Run 2 Run 3 





mg. per cent | mg. per cent | mg. per cent 


Choline ‘ 0.98 0.98 


1.23 

«+ 2-amino-2-methylpropanol-1.. . 0.25° 0.49 0.25 

+ a,a-dimethyltriethylcholine . ee 0.25 0.74 0.25 

Betaine Aral 3.92 4.66 
“« + a,a-dimethyltriethylcholine. . . 6.14 


* The methionine synthesized is expressed as mg. per cent according to Dubnoff 
and Borsook (2). In this case, the total methionine synthesized is equal to the 
amount present in 2 ml. of solution, the concentration of which is as indicated in 
mg. per cent. 


buffer were added in such amounts as to be present in 5 times the molar 
concentration of choline. Each mixture was set up in duplicate or tripli- 
cate and duplicate methionine analyses were made on each deproteinized 
filtrate. The average results of these experiments are presented in Table 
Il. 


DISCUSSION 


Although a number of choline analogues and homologues have the ability 
to prevent the development of kidney hemorrhage, fatty liver, and perosis, 
only the dimethylethy! analogue has been shown definitely to be a source 
of labile methyl groups in the diet (1). Since it has been clearly demon- 
strated (2-4) that choline must be oxidized to betaine before it can donate 
a methyl group, the enzyme responsible for this transformation occupies a 
key position in this transmethylation reaction; the specificity of this en- 
zyme for substrate could be the important factor that determines which 
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choline-like compounds will be methyl donors. However, it has beep 
shown (10) that arsenocholine, which does not furnish labile methyl groups 
in the diet (1), is oxidized by rat liver preparations, and in these studies jt 
is evident that a number of other compounds which are not methyl donors 
are also oxidized by rat liver homogenates and mitochondrial preparations, 
Even those compounds which were not oxidized by the liver preparations 
had the ability to inhibit the oxidation of choline. Since those compounds 
that were oxidized by the rat liver homogenates and mitochondrial prepara- 
tions were not oxidized by guinea pig liver homogenates, which do not 
contain choline oxidase, and since two of the compounds studied have the 
ability to depress the rate of methionine synthesis from choline and homo- 
cystine but not from betaine and homocystine in the in vitro system of 
Dubnoff and Borsook (2), it is felt. that the enzyme which has been studied 
is choline oxidase. Christensen and Daniel (11) have recently shown that 
of the two enzymes, choline dehydrogenase and betaine aldehyde dehy- 
drogenase, which compose choline oxidase, the former is found in the mito- 
chondrial fraction, while the latter resides in the supernatant fraction. 
Since in this work the results obtained with rat liver homogenates closely 
paralleled those obtained with preparations of mitochondria, it is felt that 
the results of these studies apply mainly to the enzyme choline dehydro- 
genase. It can be concluded therefore that this enzyme is not highly 
specific for substrate and that the high degree of specificity of choline-like 
compounds to serve as methyl donors in the diet cannot be attributed to 
the substrate requirements of choline oxidase (choline dehydrogenase). 


It is a pleasure to acknowledge indebtedness to Dr. W. W. Westerfeld 
for many helpful suggestions and interest during the course of this work. 


SUMMARY 


The following choline-like compounds were found to be oxidized by 
rat liver homogenates and mitochondrial preparations: dimethylethylcho- 
line, diethylmethylcholine, homocholine, 8-methylcholine, diethylmethyl- 
B-methylcholine, a,a-dimethylcholine, a,a-dimethyltriethylcholine, and 
a-methyl-a-hydroxymethylcholine. Both the homogenates and prepara- 
tions of mitochondria oxidized these compounds at a similar rate, but 
homogenates of guinea pig liver tissue, which do not contain choline oxi- 
dase, did not oxidize these compounds. 

Some of the compounds which were not oxidized or oxidized only very 
slowly by the rat liver preparations inhibited the oxidation of choline toa 
marked degree. By means of 2-amino-2-methylpropanol-1, a ,a-dimethyl- 
triethylcholine, or dimethylaminoethanol, the rate of choline oxidation 
could be reduced to 10 to 20 per cent of its control value. Also 2-amino-2- 
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methylpropanol-1 and a,a-dimethyltriethylcholine were demonstrated to 
be capable of depressing the rate of methionine synthesis in vitro. 

These results suggest that choline oxidase is the enzyme system involved 
in this study and that the high degree of compound specificity of dietary 
methyl donors cannot be related to the specificity of choline oxidase for 
substrate. 
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THE PRECURSORS OF SPHINGOSINE IN BRAIN TISSUE* 


By DAVID B. SPRINSON anp ANDREE COULON 
(From the Department of Biochemistry, College of Physicians and Surgeons, Columbia 
University, New York, New York, and the Laboratoire des Isotopes, Groupe 
Hospitalier Necker-Enfants Malades, Paris, France) 


(Received for publication, July 27, 1953) 


The establishment (1) of the structure of sphingosine as a 1 ,2-hydroxy- 
amine, Ci3H»;- CH==CH-CHOH-CHNH:-CH;OH, has prompted a study 
of its formation in nervous tissue from compounds involved in the biosyn- 
thesis of ethanolamine (2, 3). It was found that glycine is incorporated 
into carbon atoms 1 and 2, probably by way of serine, which was found 
to be the most effective precursor of the same portion of the molecule. The 
carboxyl group of serine is lost in this process. The remainder of the car- 
bon chain appears to be formed from acetate (ef. (4)). 


EXPERIMENTAL 


Labeled Compounds'—Glycine-2-C™ (5), ethanolamine-2-C™ (C“H,N H2-- 
CH,OH) (5), and L-serine-3-C™,2,3-D,N'™ (6) were the compounds pre- 
viously described. Glycine-N'® was prepared by the usual methods (7). 
Glycine-1-C' was a commercial product. 

Administration of Compounds—Seventeen rats, 25 to 27 days old and 
having an aggregate weight of 600 gm., were placed on a diet of the follow- 
ing percentage composition: corn-starch 58, casein 25, brewers’ yeast 5, 
Sure’s salt mixture (8) 4, cod liver oil 2, peanut oil 6. Liver extract, 
equivalent to 100 y of vitamin By. , was added to 2 kilos of diet. A total 
of 2.5 gm. of glycine-2-C",N, which had 1.0 X 10° c.p.m. per dish of 
labeled carbon (0.6 mc.) and 32 atom per cent excess N'*, was injected 
subcutaneously every day for a period of 19 days (i.e., at the rate of 7.7 
mg. per rat per day), at which time the weight of the rats was 1350 gm. 
The animals were killed by heart puncture 4 days after the last injection. 

In other experiments, there were injected glycine-1-C" (200 mg. per ten 
rats) with an activity of 1.3 X 107 ¢.p.m. per dish of labeled carbon (0.4 
me.), ethanolamine hydrochloride (200 mg. per ten rats) with 5.9 « 10° 
¢.p.m. per dish of amino carbon (0.2 me.), and serine (1.05 gm. per twenty 

*This work was supported by grants from the American Cancer Society, upon 
recommendation of the Committee on Growth of the National Research Council, 
from the National Institutes of Health, United States Public Health Service, and 
from the Lederle Laboratories Division of the American Cyanamid Company. 

‘C4 was obtained on allocation from the United States Atomic Energy Commis- 
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rats) with 1.74 X 10° c¢.p.m. per dish of carbon 3 (0.03 mc.), 0.71 atom of 
D attached to the 8-carbon, and 25.8 atom per cent excess N'*. Thege 
compounds were administered daily to suckling rats 18 days of age (average 
weight 27 gm.) over a period of 5 days by subcutaneous injection, and the 
animals (average weight 37 gm.) sacrificed on the 6th day. 

Isolation and Degradation of Sphingosine—Cerebrosides were obtained 
from the mixed homogenized brains and spinal cords (9) and hydrolyzed 
in methanolic H,SO, (10). Sphingosine was isolated and converted to the 
sulfate (10). The activity of the base and the salt was the same. The 
free base was degraded in ethereal solution by shaking with aqueous Nal0, 
solution (1). The ether layer was extracted with dilute NaHCO; solution 
and the combined aqueous solutions were treated with SrCl, at pH 6 (11), 
CO; from formate (C-2) was obtained from the filtrate by boiling with 
HgCl, (11), and CH.O (C-1) was distilled and isolated as the dimedon 
derivative. The reaction mixture was treated with Zn powder and made 
strongly alkaline, and NH; was distilled for N*® analysis. 

Appreciable precipitation of an insoluble iodate or periodate salt, such 
as described for the reaction of dihydrosphingosine with periodate (1), took 
place during the degradation. The lower yields (20 per cent) of BaC0,, 
compared to those (40 per cent) of formaldimedon, indicate the presence 
of considerable quantities of O-methylsphingosines in the base fraction (10). 
These would react to give formaldehyde, ammonia, and Cy; aldehydes. 
The activities of C-3 to C-18 reported in Table I were calculated by differ. 
ence. 

The ethereal solution of aldehydes was evaporated to dryness, and the 
residue taken up in 95 per cent ethanol and treated with 2 ,4-dinitrophenyl- 
hydrazine (12). The resulting hydrazone was recrystallized from ethyl 
acetate to constant melting point (118°) and activity. The range of ana- 
lytical values was that of a mixture of hydrazones corresponding to pal- 
‘mitaldehyde, a,8-dehydropalmitaldehyde, and 2-methoxy-3-heptadecenal. 


Co2H3«N.O, (418.5). Calculated, C 63.1, H 8.2, N 13.4, O 15.3 
CaH3sN,O5 (462.6). " * 22," 83,° 23, ° Ss 


Found. C 62.4-62.7, H 8.4-8.5, N 12.6-12.7, O 16.2-16.6 


The activity of the hydrazones was within 15 per cent of the calculated 
values recorded in Table I. 

Isolation of Other Cerebroside Constitwents—The petroleum ether extracts 
of the cerebroside hydrolysates were evaporated to dryness and the residue 
saponified with 7 per cent alcoholic KOH. After the addition of water 
and removal of unsaponifiable material with ether, fatty acids were ex- 
tracted with ether from the acidified solution. Removal of the solvent 
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n of and drying of the residue gave a friable, yellowish solid, the activity of 
hese which was determined without further purification. 

rage For the isolation of p-galactose, the alkaline hydrolysis mixture, after 
the § extraction of sphingosine, was evaporated to remove methanol, taken up 
in 20 ec. of water, acidified to 2 N with 4 n H.SO,, and heated on a steam 
ined bath in an atmosphere of N» for 2.5 hours in order to hydrolyze the methyl 
yzed galactoside. Sulfate ion was removed with Ba(OH): (pH 7), the filtrate 


»the § was concentrated to 2 cc., 1.5 cc. of 95 per cent alcohol were added, and a 
The 
































al, TaBe I 
‘tion Utilization of Glycine, Ethanolamine, and Serine for Sphingosine Formation 
henna ” 
11), Isotope concentrationt in sphingosine Activityt of 
with ° hen tee : Sad aS. 4 
od — C-3 to | N-Acyl |Choles- | p-Ga 
— Total | C-1 C-2 N C-18t op terol | lactose 
nade by salnlt ectaele 
atom per 
c.p.m. | c.p.m.| ¢.p.m. cent c.p.m. 

such excess 
took Giveine-2-C™, NS. ........00. | 5,5001485 | 2770 | 0.124 1,245} 980) 1,380 
CO MI ie 55 5.5:0:6 v4. oe ares 1,300| 90 | 100 | 1,200) 1,600, 990) 2500 

. Ethanolamine-2-C' . 22,000 540 | 560 | 20,900 38,000 25,400) 900 
ence F 1 Serine-3-C',2,3-D,N"5.....| 4,4102870§) 66 | 0.373 | 1,470 830 650} 0 
10). tala : fe Sethe 6 Pitas Pn Se 
rdes, * Isotope concentrations and amounts of compounds administered are given in 
ffer- the experimental part. 


{ All activities are in counts per minute per dish (1 sq. cm. area) X molecular 
weight divided by 12 (15). The compounds measured were sphingosine sulfate (mol. 
| the wt. 700, factor = 700/24), formaldimedon (C-1, mol. wt. 292), BaCO; (C-2, mol. wt. 


nyl- 197.2), cholesterol (mol. wt. 386.6), the fatty acid bound to the amino group of 
thy] sphingosine (assumed to have the molecular weight of lignoceric acid, 368.4), and 
ana- p-galactose-a-methyl-a-phenylhydrazone (mol. wt. 284.3). 


al- t By difference. 
P § The formaldimedon had 0.055 atom per cent excess D. This corresponds to 
ena. 0.055/100 X 24 = 0.013 atom of D attached to carbon 1. 


small amount of insoluble material was removed by centrifugation. The 
addition of 0.2 cc. of a-methyl-a-phenylhydrazine and 1 drop of glacial 
acetic acid gave the characteristic p-galactosehydrazone (13) which was 
recrystallized to constant activity and correct melting point (189-190°). 


ated Cholesterol was isolated from the residue of the acetone extracts of the 
brains and spinal cords, after saponification in 7 per cent alcoholic KOH 

racts (14). 

idue Determination of Isotope Concentrations—C* activity was measured with 

vater a thin window, or internal flow, Geiger-Miiller counter on infinitely thick 

, ve samples of the compounds isolated, or on samples of BaCO;. In the latter 

ven! 


case the results were divided by 1.2 to correct for back-scattering. The 
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counting vessels were stainless steel] dishes of 1 sq. cm. area. Sufficient 
counts were taken to give a standard deviation of less than 5 per cent, 
The results are expressed in terms of counts per minute X molecular 
weight divided by 12 (15). 

Analyses for N' (16) and deuterium (17) were performed by the usual 
methods. 


RESULTS AND DISCUSSION 


It has been shown by Carter and his associates (10, 18) that “sphingo. 
sine’”’ obtained from alcoholic sulfuric acid hydrolysates of brain and spinal 
cord cerebrosides is not a homogeneous substance. Even when isolated as 
the sulfate it contains appreciable quantities of dihydrosphingosine and the 
two 3-O-methylsphingosines. For the investigation of the origin of 0] 
and C-2 of the carbon chain these contaminations are not important. It 
is essential, however, to exclude serine and ethanolamine arising from phos- 
pholipides, for these would react in a manner analogous to sphingosine in 
the periodate degradation. That they were absent, or present only to an 
insignificant extent, in the sphingosine fraction is shown by the fact that 
the activity of the base remained unaltered after its precipitation as the 
sulfate from absolute alcohol with sulfuric acid. Ethanolamine and serine 
would be expected to remain in solution under these conditions. Since a 
pure derivative of sphingosine was not obtained in this investigation, the 
conclusions are dependent on the assumption that, as yet, uncharacter- 
ized amines, if present in the base fraction, do not possess very high radio- 
activity. The presence of such contaminants is not likely, however, since 
the total of the activities of C-1, C-2, and C-3 to C-18 (the latter as rep- 
resented approximately by the crude 2,4-dinitrophenylhydrazones of the 
aldehyde fraction) was always close to the activity of the “sphingosine” 
sulfate. 

The results of the experiments with glycine, ethanolamine, and L-serine 
are shown in Table I. In order to facilitate comparison among the activi- 
ties of the various portions of the sphingosine molecule, and of the other 
compounds isolated, the activities observed were multiplied by the molecu- 
lar weight divided by 12 (15). These counts are proportional to the actiy- 
ity per mole. The first experiment reported in Table I (glycine-2-C",N") 
was done with older rats than were the others. The test substance was 
administered over a more prolonged period of time, and it is likely that a 
considerable portion of it was given after completion of myelinization, 
during which cerebroside synthesis is most active in nervous tissue (19). 
The last three experiments were done under much more favorable condi- 
tions for the incorporation of precursors. 

Glycine and serine, but not ethanolamine, are utilized for C-1 and C2 
of sphingosine. Carbon atom 3 and the amino nitrogen of serine appear 
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to be incorporated as a unit. The dilutions of N'®, 8-C', and 8-D are 69, 
61, and 55, respectively. The ratio of activities in C-1 and C-2 from 
glycine-2-C'*, N° is comparable to that obtained in C-3 and C-2, respec- 
tively, of serine (20). The N' dilution (260) is considerably smaller than 
the dilution of C' in C-2 (360). A better utilization of N' than of a-C™ 
of glycine has also been found for the @ position of serine from internal 
organ proteins (21). In general the utilization of glycine for C-1 and C-2 
of sphingosine is in agreement with the supposition that it is first converted 
to serine. 

In contrast to a localization of 65 to 77 per cent of the activity of sphingo- 
sine in C-1 and C-2 after the administration of serine-3-C™ or glycine-2-C%, 
only negligible activities are found in these carbon atoms after the adminis- 
tration of ethanolamine-2-C™ or glycine-1-C“. Over 90 per cent of the 
label is found in C-3 to C-18, and the activity of this fragment is fairly 
close to that found in the N-acyl moiety of the cerebrosides and in the 
brain cholesterol. This is in agreement with the observation that C-3 to 
(0-18 are derived from acetate (4), and suggests that the label in glycine- 
1-C" and ethanolamine-2-C™ is converted to acetate. The apparent con- 
version of glycine-1-C' to acetate might be due to the reactions whereby 
CO, is incorporated to a small extent into carbon atoms 1, 2, 5, and 6 of 
glucose (22), or fixed in the carboxyl group of acetoacetate followed by 
cleavage to acetate-1-C'* (23-25). Considering the radioactivity adminis- 
tered and the favorable conditions for cerebroside synthesis, the incorpora- 
tion is too small to be considered as resulting from the conversion of gly- 
cine to serine and the utilization of all 3 carbon atoms of the latter. Of 
interest is the very effective utilization of ethanolamine for cholesterol and 
fatty acids. Its deamination to glycolaldehyde has been postulated on the 
basis of the conversion of the amino carbon to the carboxyl group, and the 
carbinol carbon to the methylene group, of glycine (5). More recently, 
C“H,.NH.-CD.,OH was administered together with a-amino-y-phenyl- 
butyric acid to rats. The utilization for acetylation was as high as that 
of administered acetate (26); the amino carbon of the ethanolamine was 
converted to the carboxyl group, and the carbinol carbon to the methyl 
group, of acetate.? A similar conversion of an active form of glycolalde- 
hyde, derived from C-1 and C-2 of 2-ketopentose, occurs in the fermenta- 
tion by lactic acid bacteria of pentose-1-C'* to acetate-2-C™ and unlabeled 
lactate (27, 28). 

The galactose a-methyl-a-phenylhydrazone isolated from the cerebro- 
sides had only low activity, although several of the precursors administered 
are effective glycogen formers in liver. On the basis of present knowledge 
it is not possible to assess the significance of this finding. 


*Sprinson, D. B., and Welicky, I., unpublished results. 
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The utilization of serine for sphingosine formation seems to involve a compa 


condensation of a 16-carbon compound to the a-carbon of the amino acid, sides, | 
followed by decarboxylation. The carboxyl group is essential for the C-3 to 
activation of the a-carbon, since ethanolamine is not incorporated into to ace 


C-1 and C-2 of sphingosine. Acetate or other fatty acids are not excluded compo 
as intermediates, in which case chain elongation would take place after 
their condensation with serine. The réle of coenzyme A in the condensa- 
tion of fatty acid residues (29-32) suggests the following reaction scheme 


for the formation of sphingosine or an N-acy] sphingosine (R’ = H or an 5 g 
R-CO-CoA + CH,0H-CHNHR’-COOH —> ’ ea 
~CO: +2H ow 
R-CO-C(COOH)NHR’-CH.OH —————} R-CO-CHNHR’-CH.0H ——+ 4, Zal 
R-CHOH-CHNHR’-CH.OH | ¢ — 
acyl substituent). The suggested scheme is, in part, analogous to the . = 
Dakin-West reaction (33), which is the base-catalyzed decarboxylation of 9. Ca 
a-amino acids, or N-acyl-a-amino acids, with acid anhydrides to yield N- 
acylamino ketones. In the intact animal the condensation reaction may be 10. Ca 
reversible, since ethyl a-acetamidoacetoacetate-4-C" (34) and ethy] a-ben- u m 
zamidoacetoacetate-N!> (34) were shown to be effective precursors of 12. Sh 
acetate-2-C" and glycine-N", respectively, in the rat.* | 
13. Be 
We are indebted to Mr. I. Sucher for the deuterium and N™ analyses “4 ~ 
and to Miss Florence Kee for technical assistance. 16. Sx 
It is a pleasure for one of us (D. B. 8.) to express his thanks to Professors 17. Gi 
L. Bugnard and Jean Coursaget for the generous hospitality extended to 18. Ci 
him at the Laboratoire des Isotopes (Groupe Hospitalier Necker-Enfants 9. K 
Malades, Paris) where this work was initiated. 20. Ss 
21. EI 
SUMMARY 22. SI 
The synthesis of sphingosine in nervous tissue was investigated with the 3. P. 
aid of glycine-1-C™, glycine-2-C“,N", ethanolamine-2-C™, and L-serine- 4. P 
3-C" ,2,3-D,N'. It was found that carbon atoms 3 and 2 and nitrogen ’ 
of serine are utilized for carbon atoms 1 and 2 and nitrogen of sphing- be 
osine, respectively, while the carboxyl group is lost. Ethanolamine is not 7. L 
used for this portion of the molecule, while the a-carbon and _ nitrogen 
of glycine are incorporated probably by way of serine. 28. R 
The incorporation of label into carbon atoms 3 to 18 of sphingosine was - 
3 Meltzer, H. L., and Sprinson, D. B., unpublished results. 30. G 








XUM 


OH 
the 


1 of 
N- 
r be 
en- 
of 


Ses 


Ors 
| to 
nts 





wWitas 


D. B. SPRINSON AND A. COULON 591 


compared with that of the fatty acid and p-galactose moieties of cerebro- 
sides, and with brain cholesterol. Ethanolamine is effectively utilized for 
C-3 to C-18 of sphingosine, and fatty acids and cholesterol via conversion 
to acetate. The galactose had only low activity, although several of the 
compounds administered are effective glycogen formers in liver. 
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PREPARATION, DETERMINATION, AND EXCRETION OF 
GLUTAMYL POLYPEPTIDE AND ITS POLYMERS 


By MAX BOVARNICK, FRANK EISENBERG, Jr.,* DANIEL O’CONNELL, 
JOSEPH VICTOR,t anp PHYLLIS OWADES 
(From the Laboratory Service, Veterans Administration Hospital, and the Department 
of Medicine, State University of New York, College of Medicine at Néw York City, 
Brooklyn, New York) 


(Received for publication, June 8, 1953) 


During the course of work on the formation of glutamyl polypeptide by 
Bacillus subtilis (1) it became evident that this material could be cheaply 
and easily prepared in the laboratory in a high yield and in a pure state. 
On consideration of its chemical structure it was apparent that its physi- 
cochemical properties as a polyelectrolyte would make it a highly desirable 
plasma volume extender if it could satisfy the pharmacological, immu- 
nological, and other criteria required of any material to be used for this 
purpose. It was to be expected that, if the polypeptide were large enough 
to be non-diffusible through a semipermeable membrane, then the sodium 
salt in solution, owing to the Donnan effect, should have a high osmotic 
efficiency. This latter property would be especially desirable in a plasma 
volume extender. 

Further work! revealed that this material was, in fact, suitable as a 
plasma volume extender with respect to its various pharmacological and 
immunological properties. It was, however, deficient for this purpose in 
one major respect. It was excreted too rapidly via the kidney, presumably 
because of its small molecular size. According to data obtained by diffu- 
sion and sedimentation measurements (2) it was estimated that the molecu- 
lar dimensions of a glutamyl peptide of approximately 12,000 molecular 
weight were 11 by 150 to 250 A. Since the latter dimension is of the same 
order of magnitude as the length of a serum albumin molecule while the 
former is about one-third the diameter of a serum albumin molecule, it 
seemed reasonable to speculate that the rate of excretion of the peptide via 
the kidney might be decreased by increasing the diameter of the molecule. 

* Present address, Division of Nutrition and Physiology, The Public Health Re- 
search Institute of the City of New York, Inc. 

t Present address, Camp Detrick, Frederick, Maryland. This investigator 
worked at Goldwater Memorial Hospital, Columbia Research Division, Welfare 
Island, New York, under contract No. OEMecmr-237 with the Office of Scientific 
Research and Development. 

' Personal communication from Patek, A. J., Kendall, F. E., Lowell, A., Bloom, 
W., and Hennig, G. C., O0EMemr-237. 
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It was possible to achieve this thickening of the molecule by peptidiza. 
tion of the free carboxyl groups of one glutamyl] peptide chain (back-bone 
chain) with the terminal groups of other glutamyl peptide chains (side 
chains). This peptidization was effected by application of the general 
method developed by Curtius and Curtius (3). It was shown that poly- 
merization of this type, in which side chains of partially degraded peptide 
with a molecular weight of 2000 to 3000 are used, does indeed increase the 
half life of the glutamy] peptides in the blood stream of dogs' and humans 
(4). Methods have now been developed for preparing polymers with un- 
degraded peptide side chains of molecular weight 12,000 to 15,000. 

In order to follow the fate of the injected materials a simple quantita- 
tive analytical method for their determination was necessary. For this 
purpose advantage was taken of the observation that these polyacidic 
glutamyl peptides formed relatively insoluble precipitates with certain 
basic dyes. Of the various dyes tested, safranine O seemed to be most 
suitable for the purpose. At concentrations of peptide of approximately 
100 mg. per cent, the amount of dye removed from solution is proportional 
to that of peptide present. Photoelectric determination of the dye in 
solution before and after precipitation with the peptide leads to a simple, 
rapid, and accurate calculation of the latter in urine and serum. 

The details of the methods of preparation of pure peptide and its poly- 
mers, a description of the procedure for the determination of the peptide 
and its polymers, and the demonstration of the effects of polymerization of 
the peptide on its rate of renal excretion in humans constitute the subject 
of this paper. 


EXPERIMENTAL 


Preparation of Peptide—Peptide is produced by growth of B. subtilis, as 
previously reported (1).2, The same organism and cultural conditions are 
used. Some minor alterations greatly increase the convenience of the iso- 
lation procedure. After removing the culture pellicles by filtration through 
glass wool, the remaining organisms are removed by filtration through a 
filter press, or a layer of fuller’s earth. The peptide is then precipitated by 
addition of copper sulfate, as previously described. It is advantageous, 
immediately after addition of copper sulfate to the filtrate, to add sufficient 
glacial acetic acid with stirring to bring the pH to about 3.0. This addition 
serves two purposes. It coagulates the copper peptide into a rubbery 
mass and facilitates its separation from the supernatant solution by de- 
cantation. Furthermore, a considerable amount of copper salts of un- 
desirable impurities of unknown composition goes into solution at this pH. 


2 We are indebted to Merck and Company, Inc., for their collaboration in supply- 
ing us with part of the peptide used as starting material in this work. 
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There is then a minimum of insoluble impurity to be removed when the 
copper salt is redissolved. 

The rubbery copper precipitate is squeezed manually until free of most 
of its entrained water and weighed. The yield is usually 15 gm. per liter. 
Although this weight is a rough and inaccurate estimate of the solid ma- 
terial present, owing to the variable and large amount of water entrained, 
it has, nevertheless, been found to be a practical basis for selection of 
volumes of other reagents. The rubbery copper precipitate is then allowed 
to stand in tap water with frequent changes until most of the acetic acid is 
removed. As this occurs, the precipitate becomes a crumbly solid. This 
process can be hastened by stirring in a Waring blendor, with frequent 
changes of water. 

When the precipitate has lost its rubbery character, it is vigorously 
stirred with 1 liter of 6.5 m citric acid per 100 gm. of precipitate. After an 
hour or two, it has all dissolved, with the exception of a small amount of 
white precipitate. This small amount of insoluble impurity is easily and 
rapidly removed by filtration. After precipitation of the copper with 
H.S, 22 gm. of sodium chloride per 100 gm. of copper salt are added to the 
solution before filtration. This helps coagulate any colloidal copper sulfide. 
The precipitate is then filtered as soon as possible. Sufficient concentrated 
HCl is then added to the filtrate to make it 0.5 n. The operation between 
the time when the copper precipitate has dissolved and the time when HCl 
is added to the filtrate should be conducted as rapidly as possible, as there 
is some possibility of peptide precipitating before filtration of the copper 
sulfide. On standing in the cold room a few days, peptide precipitates as 
a fine white powder. Occasional shaking seems to help the precipitation. 
After filtration, the precipitate is washed with alcohol and ether to remove 
a small amount of color and sticky organic matter. If dissolved in sodium 
bicarbonate solution, and reprecipitated with acid, it is practically pure 
except for retained water, which is only removed by drying in a desiccator. 

Preparation of Polymers. Peptide Esters—Two types of methyl] esters 
are prepared. Diazomethane is the esterifying agent in both instances. 
That peptide, which will become the back-bone chain, is fully methylated, 
including probably the terminal amino group. The peptide which is 
destined to become the side chain is methylated in such fashion as to 
esterify as many carboxyl groups as possible in order to make the molecule 
pyridine-soluble, and yet leave the maximal number of terminal amino 
groups free for peptide link formation. 

Preparation of Back-Bone Ester—A 3-fold excess of ethereal diazometh- 
ane, prepared in the usual fashion from nitrosomethylurea, is added to a 
suspension of 5 gm. of finely powdered peptide in 5 cc. of methyl alcohol 
plus 20 cc. of ether. The best results are obtained with stirring at about 
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10°. On completion of the reaction, as indicated by disappearance of free 
carboxyl groups, the excess diazomethane is discharged by addition of dilute 
ethereal acetic acid. The insoluble ester is filtered and washed with ether. 
The extent of esterification during the course of reaction may be estimated 
by filtering and drying (at 40°) small aliquots (100 mg.) and titrating 
residual free carboxyl groups with dilute alkali in aqueous solution. Es. 
terification is usually complete in 5 hours. The ester is a white powder 
which is soluble in aqueous methyl alcohol. Recovery is generally around 
100 per cent. An end-group determination with dinitrofluorobenzene, 
according to Sanger (5), or by formol titration, reveals that the terminal 
amino groups of the peptide have been methylated to a considerable extent 
by this procedure. 


(CeH,O;N)z. Calculated. C 50.3, H 6.37, N 9.79 
Found. “* 50.1, ** 6.60, “ 9.65 


Preparation of Side Chain Ester—The extent of methylation of the pep- 
tide by ethereal diazomethane varies with its moisture content and time 
(Table I), as well as with temperature. The peptide readily hydrates itself 
and any desired moisture content up to approximately 20 per cent can be 
achieved by exposing it to an atmosphere of proper humidity, or by adding 
the required amount of water and mixing thoroughly in a ball mill for 24 to 
48 hours at room temperature. Peptide stored at room temperature and 
humidity generally contains about 3 per cent water, which must be taken 
into account when calculating the amount of water to be added under the 
latter conditions. A typical preparation is described. 

To 50 gm. of peptide, with a moisture content of 6.72 per cent, were 
added 2.75 cc. of water. After mixing in a ball mill at room temperature 
for 24 hours, the peptide was transferred as rapidly as possible to a 3 liter 
round bottomed 3-necked flask equipped with an efficient stirrer and main- 

‘tained at 10° in a water bath. Prior to opening the ball mill for transfer, 
it is advisable to cool it to 0° and the transfer should be carried out in a 
cold room, as the highly moistened peptide loses water with great rapidity 
at room temperature and humidity. The transfer is most easily effected 
by filtering the grinding stones through a very coarse wire mesh. 

Immediately after transfer 1500 cc. of ethereal diazomethane, containing 
at least 4 equivalents of the reagent, were added and vigorous stirring was 
initiated. The extent of esterification was followed as above. Approxi- 
mately 65 per cent methylation was achieved in 2 hours, at which point the 
reaction was stopped. Further methylation usually results in undue loss 
of reactive terminal amino groups. The mixture was filtered and the 
product washed thoroughly with ether. 

A terminal amino group determination by the dinitrofluorobenzene 
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method generally showed a loss of only 10 per cent of the reactive amino 
groups under the above conditions. The product is a white powder which 
is partially soluble in anhydrous pyridine. The triethylammonium salt of 
the partially esterified peptide was soluble in anhydrous pyridine to the 
extent of 60 to 70 per cent. Final analysis was consistent with a 66 per 
cent methylated product. 


Calculated, C 49.11, H 6.05, N 10.12; found, C 49.20, H 5.85, N 10.20 


Preparation of Polyhydrazide—To 150 cc. of a 50 per cent solution of 
anhydrous hydrazine in reagent grade methyl alcohol were added 9.5 gm. 
of the fully methylated ester. Any small amount of undissolved material 
should be removed by centrifugation. After standing for 1 hour at room 
temperature, the hydrazide was precipitated as a white solid by addition of 


TaBLeE I 
Methylation of Peptide by Ethereal Diazomethane 




















| 
: Methylation at 0° 
} . Moist 
Humidifying agent peat | content of nanmieeineatnen oe 
re 3 hrs. 

, Sai, per cent | 7 per cent per cent | per cent < 
H,PO,... 10 | 2.6 | 19 
Saturated NH,Cl. 80 12.0 | 25 30 
H.0.. ‘| 100 20.0 58 66 











Each 1 gm. sample of peptide was humidified for 36 hours and then treated with 
excess ethereal diazomethane at 0°. 


10 volumes of methanol. It was then filtered, washed with methanol and 
ether, and stored in a desiccator. The fully substituted polyhydrazide is 
a completely water-soluble white powder. Any water-insoluble material 
should be removed by centrifugation. 

The extent of replacement of ester by hydrazide may be determined by 
acid hydrolysis of a sample of the hydrazide previously dialyzed against 
water for 48 hours, followed by iodometric titration of the hydrazine in the 
presence of excess sodium bicarbonate. At a pH of approximately 8.0 the 
amino groups of glutamic acid are not oxidized by iodine. By this method, 
it has been found that replacement of the ester by hydrazide is practically 
complete under the conditions described. In this particular preparation, 
96 per cent of the ester was converted to hydrazide. 

96% hydrazide, 4% ester. Calculated. C 42.28, H 6.34, N 28.52 
Found. 42.20, ‘* 6.34, ** 28.61 


Preparation of Azide and Polymer B-26—-A solution of 1.2 gm. of hy- 
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drazide in 40 cc. of 0.9 N HCl was cooled to —10°. To this was added. 
with stirring, a slight excess of a 10 per cent solution of sodium nitrite. A 
white precipitate appeared almost immediately. After 20 minutes, this 
was filtered, the temperature being maintained at —10°, and the precipi- 
tate was washed once with salt solution chilled to —5°. The precipitate 
was not sucked thoroughly dry, as the passage of relatively warm air 
through it seems to promote decomposition. It was immediately dissolved 
in 25 ec. of previously chilled anhydrous pyridine (distilled over KOH), 
and a few gm. of anhydrous sodium sulfate were added. To 20 cc. of this 
solution was added a 10 per cent pyridine solution of 19 gm. of the tri- 
ethylammonium salt of the side chain methyl ester, plus 1.0 ce. of tri- 
ethylamine. The solution of the triethylammonium salt is prepared by 
adding the calculated amount of triethylamine to a suspension of side 
chain ester in anhydrous pyridine and removing any small amount of 
insoluble material by centrifugation. After thorough mixing, the solution 
was allowed to stand overnight in the ice box, and another 24 hours at 
room temperature. The pyridine was then removed at reduced pressure 
and the residual solid was dissolved in water. Any insoluble material was 
removed by centrifugation. 

Saponification was effected by cooling a 3.5 per cent solution of the re- 
action product to 0°, adding, with stirring, enough 1.88 n NaOH to make 
the solution 0.23 Nn, and bringing the pH back to 7.0 with 0.20 n HC! after 
1 and 1.5 minutes. The conjugate is highly labile to alkali. Generally, 
at least 85 per cent of the methyl groups are removed by this procedure. 
The conjugate can readily be separated from unreacted peptide by filtra- 
tion through a coarse grade Schleicher and Schuell ultrafine membrane, 
followed by repeated washings of the retained conjugate with pyrogen-free 
saline. Separation is considered complete when the concentration of pep- 
tide in the washings is 60 y, or less, per cc. The completeness of separa- 

‘tion is shown in Fig. 1. The yield of conjugate was 5 gm. A sample was 
purified for analysis by precipitating repeatedly from aqueous solution with 
methyl alcohol in the presence of a trace of sodium chloride. 


Na salt of 3.3% methyl ester. Calculated. C 41.4, H 4.30, N 9.35, OCH; 3.3 
Found. “41.4, “ 4.44, 965, “ 34 


Method for Determination of Peptide and Conjugates 


Among the many dyes tested, including crystal violet, aniline blue 
safranine O (water-soluble), methylene blue, methyl violet, toluidine blue, 
Congo red, azocarmine, thionine, and phosphotungstic acid hematoxylin, 
it was found that safranine O gave a precipitate with the peptide. This 
precipitation was associated with loss of color from the solution. 

It was further found that, in the presence of citrate buffer, the optical 
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density of the dye is greatest between pH 5.31 and 5.98, that the maximal 
light absorption occurs between wave-lengths 5200 and 5350 A, and that 
maximal precipitation occurs at pH 5.98. 

The amount of dye precipitated by the peptide varies with the prepara- 
tion of dye used. Therefore, each batch of dye must be standardized. A 
characteristic standardization is described. 

Into each of a series of graduated 15 cc. centrifuge tubes were pipetted 
9 ec. each of safranine O solution (approximately 0.1 per cent) and citrate- 








Fic. 1. Ultracentrifuge films of conjugate before (upper row) and after (lower 
row) ultrafiltration. 


NaOH buffer (Sérensen, 0.06 mM, pH 5.98). Solutions containing between 
0.08 and 0.40 mg. of peptide were added and the volume was made up to 
10 cc. with saline. After mixing the contents, the tubes were allowed to 
stand for } hour, and were then spun at 2000 r.p.m. for 10 minutes. The 
supernatant solution was diluted 1:50 with saline and the optical density 
was measured spectrophotometrically at 5200 A. The results are given 
in Table II. 

The average value in the fourth column is 1.64. The deviation from 
this value is within the experimental error. Therefore, the difference be- 
tween the readings of a blank and the unknown divided by 1.64 gives the 
mg. of peptide in the sample, if this batch of dye is used. The range of 
concentration of peptide, over which the amount of color removed from 
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solution is proportional to peptide concentration, may vary with the batch [the sic 
of dye. gates 

The method is applicable to serum and urine, neither of which was found also 0 
to influence the quantitative relationship found for the precipitation of the 
dye by peptide at pH 5.98. Although there are many substances which 
precipitate, or modify, safranine O in solution, they do not normally occur 
in the blood, or urine, of men or animals. 

Urine should be filtered if it is cloudy. The slight hemolysis that may 
occur in random blood samples does not interfere with the final readings 
because the serum samples are diluted at least 250-fold before reading in 
the spectrophotometer. 

Urine or blood analyses are carried out according to the standardization 
described above by substituting the unknown for the peptide solutions. If 
the concentration of peptide in the sample is high, a preliminary assay may 


TaBLeE IT 
Optical Density of Safranine-Glutamyl Polypeptide Supernatant Solution 


: I . ifference p 
Peptide —Log I, Difference from blank pogrom? ng ae 
mg. 

0.0 0.915 

0.08 0.780 0.135 1.69 

0.16 0.660 0.255 1.59 

0.24 0.520 0.395 1.65 

0.32 0.390 0.525 1.64 

0.40 0.270 0.645 1.61 


be necessary to determine the proper size of sample to be used. In our 

experiments in which peptide was injected into men or animals, it has been 

customary to analyze the serum, or urine, prior to injection. The density 

- of the dye in mixtures of the dye and these urines, or sera, served as the 
control standard for the individual animals. 

Rates of Excretion of Peptide and Polymers—Each of two control subjects 

was given by intravenous route 3.0 gm. of unpolymerized peptide as the Fic 


' ‘ ‘ , - , f 
sodium salt in 500 cc. of isotonic saline. A 3.0 gm. dose of polymerized ‘be 
peptide, B-26, was given to a third subject, and a fourth received 1.8 gm. J tide i; 


of another preparation of polymer, B-25, with essentially the same sedi- 
mentation rate. Normal renal function was established in all subjects § ratio 
prior to testing. Blood stream and urinary excretion levels were deter- [in th 


mined over a period of 24 hours. In 
Results to 15 

: , of 12 

The general preparative methods described have yielded conjugates of centr 
varying physical and physiological properties, depending on the nature of poly 
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the side chains employed. Molecular weights and dimensions of the conju- 
gates will depend not only on the length of back-bone and side chains, but 
also on the ratio of side chains per back-bone in the final product. This 
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HOURS AFTER INJECTIONS 


Fic. 2. Urinary excretion of peptide and polymers. Patient catheterized. Urine 
collected and analyzed at 30 minute intervals for 3 hours, then at hour intervals. 
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Fic. 3. Plasma retention levels of peptide and polymers. Conjugate B-26, 3 gm. 
of conjugate in 500 cc. of saline injected in 1 hour. Conjugate B-25, 1.8 gm. of con- 
jugate in 300 cc. of saline injected in 1 hour. Unconjugated peptide, 3 gm. of pep- 
tide in 500 cc. of saline injected in 1 hour. 


ratio in turn varies with the relative amounts of ester and hydrazide used 
in the condensation reaction. 

In the polymerization described, the ratio used was 1.2 gm. of hydrazide 
to 15 gm. of ester. Both were prepared from peptide of molecular weight 
of 12,000, as determined by the dinitrofluorobenzene method. At a con- 
centration of 0.83 per cent in 0.2 m NaCl-0.05 m phosphate, pH 6.6, this 
polymer has a sedimentation constant of 1.4 Svedberg units in the Spinco 
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analytical ultracentrifuge. The starting peptide, under the same condi. 
tions, has a sedimentation constant of 1.08. Under the same conditions, 
the sedimentation constant of another polymer, B-27, prepared from the 
same hydrazide and ester (ratio 1:38), was 1.7 8. 

Polymer B-26 at a concentration of 0.6 per cent in 0.1 mM phosphate 
buffer, pH 7.7, gave a diffusion constant of 3.4 & 10-7 for Doo. This 
diffusion constant was obtained by the schlieren scanning system. 

Preliminary observations indicate that the sedimentation and diffusion 
rates are highly dependent on concentration, ionic strength, and pH. The 
above data, therefore, while suitable for characterizing the polymer, are 
not sufficient for calculation of molecular weight. More complete data on 
these physical characteristics of the polymers will be published elsewhere, 

The results of the excretion experiments are shown in Figs. 2 and 3. It 
is quite evident that polymerization markedly increases retention in the 
blood stream and decreases the rate of urinary excretion. The values 
shown in the plasma are not corrected for the hemodilution which occurs, 


DISCUSSION 

The results of the experiments described are of interest from several 
points of view. In relation to the specific problem of production of a 
plasma volume extender it seems possible, on the basis of these results, that 
preparations obtained by utilizing this principle of attaching side chains to 
a back-bone peptide will provide a useful product. It is probable, when 
the rate of excretion of the unpolymerized peptide is considered in con- 
junction with the dimensions of the peptide as compared with those of the 
human serum albumin molecule, that molecular length alone contributes 
very little to retardation of renal excretion. The unpolymerized peptide is 
about as long as a serum albumin molecule and is excreted very rapidly. 
Whether this will be a general rule for other linear peptides remains to be 
. determined. 

Although it is evident that an increase in cross-sectional diameter of the 
glutamyl peptide insures retention in the blood stream, the magnitude of 
this effect will vary with the nature of the side chains, and possibly of the 
back-bone. Many interesting combinations can be prepared and some are 
now being studied, including polymers with amino acid and synthetic pep- 
tide side chains. 

While the back-bone and side chains used in the present study are ob- 
viously but one of the numerous possibilities, this particular combination 
would seem to possess some distinct advantages for the purpose in mind, 
namely, the development. of a plasma volume extender. The presence of 
one carboxyl group per amino acid residue in the back-bone allows for the 
attachment of a maximal number of side chains to the back-bone. The 





presen 
uct ret 
sequer 
tution 
partici 
favora 
seen. 

partic 


1, J 
from | 
2. 1 
pounc 
 -e 
in ble 
4. | 
unpol 
tion ¢ 


blood 


Yim 


‘ondi- 
tions, 
n the 


phate 
This 


‘usion 

The 
r, are 
ta on 
vhere. 
. It 
n the 
ralues 
CCUrs, 


veral 

of a 
, that 
ns to 
when 

con- 
f the 
butes 
ide is 
idly. 
to be 


if the 
de of 
f the 
e are 
pep- 


e ob- 
ation 
nind, 
ce of 
r the 

The 





BOVARNICK, EISENBERG, O'CONNELL, VICTOR, OWADES 603 


presence of one free carboxyl per amino acid of the side chains in the prod- 
uct retains the maximal polyelectrolyte properties in the product with con- 
sequent maximal Donnan effect and osmotic efficiency. Whether substi- 
tution of other types of side chains in whole, or in part, would affect this 
particular advantage adversely, but compensate by enhancing some other 
favorable property, such as a reduced rate of renal excretion, remains to be 
geen. Conjugates with synthetic glutamyl peptide side chains will be 
particularly interesting in relation to possible immunological properties. 


SUMMARY 


1. An improved method for the preparation of glutamyl polypeptide 
from culture filtrates of Bacillus subtilis is described. 

2. A procedure for polymerizing this peptide with itself and other com- 
pounds is described. 

3. A method for the determination of glutamyl peptide and its polymers 
in blood and urine is described. 

4. Data are presented on the rate of renal excretion of polymerized and 
unpolymerized glutamy] peptide in humans. It is shown that polymeriza- 
tion decreases the rate of renal excretion and increases the half life in the 
blood stream of humans. 
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INTRACELLULAR DISTRIBUTION OF FUMARASE, ACONITASE, 
AND ISOCITRIC DEHYDROGENASE IN RABBIT 
CEREBRAL CORTEX 


By JAMES A. SHEPHERD anp GEORGE KALNITSKY 


(From the Department of Neurology and Biochemistry, State University of 
Iowa, College of Medicine, Iowa City, Iowa) 


(Received for publication, September 2, 1953) 


It has been shown by previous workers that all of the known intermedi- 
ates of the tricarboxylic acid cycle may be oxidized by particulate fractions 
of liver or kidney (1). One should not assume, however, on this basis, 
that the enzyme system involved is associated with the mitochondria with- 
out drawing a balance sheet in which the activity of the fractions equals 
that of the original homogenate. This has been recently pointed out by 
Hogeboom and Schneider (2), who found 82 per cent of the isocitric de- 
hydrogenase activity to be associated with the soluble fraction in fractions 
isolated from C;H mouse liver. The intracellular distribution of succinoxi- 
dase has been studied extensively in several tissues (3-7). Although cit- 
rate oxidation has been attributed to the mitochondria (8, 9), no balance 
sheet is available for either aconitase or fumarase. This general problem 
has been reviewed recently (10). 

The present report includes a study of the intracellular distribution of 
fumarase, aconitase, and isocitric dehydrogenase in rabbit cerebral cortex. 


Methods 


Tissue Preparation—The rabbits were stunned and bled, and the hemi- 
spheres quickly removed and chilled in cracked ice. After removal of 
basal structures, the cortex was snipped off, weighed, and homogenized in 
a Potter-Elvehjem glass homogenizer with an appropriate volume of 0.25 
M sucrose or 0.25 M sucrose containing 0.9 per cent NaCl. 

Fractionation—Two methods were used. In the experiments with suc- 
cinoxidase, fumarase, and aconitase a modification of Schneider’s method 
(11) wasemployed. 10 ml. of a 10 per cent homogenate of rabbit cerebral 
cortex were centrifuged at 600 X g for 8 minutes, the supernatant solution 
was removed with a syringe, and the residue washed twice at the same 
speed with 2.5 ml. of 0.25 m sucrose This residue was made up to 10 
ml. and was termed the nuclear fraction. The combined supernatant 
fluids and washings were centrifuged at 10,000 X g for 10 minutes, and the 
sediment was washed twice at the same speed with 2.5 ml. of 0.25 m sucrose. 
This sediment was made up to 10 ml. and termed the mitochondrial frac- 
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tion. The combined supernatant fluid and washings from this fraction 


esiZi 
were made up to 25.0 ml. and were termed the unfractionated residue. |) pen 
the experiments with isocitric dehydrogenase, 5 ml. of a 20 per cent homog. The |: 
enate of cerebral cortex or liver prepared in 0.25 m sucrose containing 0.9 used t 
per cent NaCl were centrifuged at 19,000 X g for 12 minutes, and the pellet | jjzed : 


was washed twice with fresh solution. This washed sediment fraction was recrys 
made to a volume of 10 ml. The supernatant solution and washings were of the 
combined, made up to a volume of 10 ml., and termed the supernatant | KOH 
fraction, and an aliquot of 20 per cent homogenate was diluted to 10 per | and 1 


cent and termed the original homogenate. All steps were carried out at Mi 
0-5°. tion. 
Enzymatic Assays—Succinoxidase was determined according to the | mitoc 
method of Schneider and Potter (12). Fumarase and aconitase were de- rangi 
termined according to the method of Racker (13). Fumarase reaction | Janu: 
mixtures contained 1.5 ml. of 0.1 m phosphate buffer, pH 7.4, 0.5 ml. of 03 more 
M sodium t-malate, 0.2 to 0.8 ml. of enzyme suspension equivalent to a The 
1 per cent homogenate, and 0.25 m sucrose to a final volume of 3 ml. Acon- optic 
itase reaction mixtures contained the same additions except that the sub- liver 
strate solution was either 0.3 ml. of 0.3 m sodium citrate or 0.3 ml. of 0.1 
M potassium DL-isocitrate solution. The progress of the reaction was fol- 
lowed at 25° in the Beckman DU spectrophotometer at 240 my witb silica In 
cells of 1.0 cm. light path. Isocitric dehydrogenase reaction mixtures con- the | 
tained 0.5 ml. of glycylglycine buffer, pH 7.4, 0.3 ml. of 0.82 m nicotinam- cent 
ide, 0.1 ml. of 0.018 m MnCl, 0.2 to 0.8 ml. of suitably diluted tissue sus- per | 
pension, 0.3 ml. of 0.002 m KCN, 0.3 ml. of 0.0014 m triphosphopyridine 17.6 
nucleotide (TPN), 0.2 ml. of 0.1 m potassium dl-isocitrate, and 0.25 in tl 
sucrose in a final volume of 3.0 ml. The determination was carried out whic 
spectrophotometrically at 25° by following the rate of formation of re- The 
duced TPN at 340 my and is essentially the method used by Hogeboom furn 
and Schneider (2). rese 
In each enzyme determination, the blank contained all of the additions T 
except substrate. All determinations were carried out at two or more in t 
levels of enzyme, and the reactions were initiated by addition of the en- T 
zyme. In each case the reaction was zero order, and the rate of the reac- of 
tion was proportional to the concentration of the tissue preparations. tivi 
Chemical Methods—Desoxyribose nucleic acid (DNA) and pentose nu- incl 
cleic acid (PNA) were estimated from pentose measurements by the method iss 
of Schneider (14). Total phosphorus (15) was determined on the solutions " 
of DNA and PNA to ascertain their concentration. Total nitrogen was was 
determined according to Koch and McMeekin (16). cor 
Materials—Sodium malate, sodium citrate, DNA, and PNA were re- pul 
precipitated commercial samples. Trichloromethylparaconic acid was syn- but 
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thesized according to Pucher and Vickery (17), hydrolyzed to sodium iso- 
citrate, and isolated as the lactone according to Krebs and Eggleston (18). 
The lactone melted at 163.5° and was pure white in color. The lactone 
used to prepare the potassium isocitrate for enzyme studies was recrystal- 
lized a total of five times. Its melting point was unchanged after the third 
recrystallization. Potassium isocitrate was prepared by heating a solution 
of the lactone for 20 minutes on a steam bath with a 10 per cent excess of 
KOH and back-titrating the base with HCl to pH 7.40. Glycylglycine 
and TPN were products of the Sigma Chemical Company. 

Microscopic Examination—There were no whole cells in the nuclear frac- 
tion. The contents were nuclei, débris, and a few mitochondria. The 
mitochondrial fraction contained an occasional nucleus and many granules 
ranging in size from 1 to 4 yw, most of which stained supravitally with 
Janus green B. The unfractionated residue contained a few granules, but 
more than the nuclear fraction, and seemingly of a smaller average size. 
The supernatant fraction of cerebral cortex homogenates was clear and 
optically empty under the light microscope. The supernatant fluid from 
liver homogenates treated in the same manner was not clear. 


Results 


In our cerebral cortex fractions 73.9 per cent of the. succinoxidase of 
the original homogenate was in the mitochondrial fraction and was con- 
centrated in that fraction 2.83 times. The nuclear fraction contained 66.4 
per cent of the total DNA P. The mitochondria contained only 17.4 and 
17.6 per cent, respectively, of the total DNA Pand PNA P. The recovery 
in the sum of the fractions as per cent of the original homogenate from 
which they were derived was succinoxidase 97.3, DNA P 106, PNA P 88.4. 
These data are consistent with the results of other workers (3-7, 9) and 
furnish checks on the validity of the fractionation procedure. They rep- 
resent the results of at least three separate fractionations. 

Tables I, II, and III show that fumarase and aconitase are largely found 
in the mitochondrial fraction and are concentrated therein. 

Table IV shows the effect of washing the mitochondria on the activities 
of succinic dehydrogenase, fumarase, and aconitase. Although some ac- 
tivity may be lost on washing, the concentration on a total nitrogen basis 
increases. Thus, it may be seen that the activity of each of these enzymes 
is strongly bound to the particles. 

Table V shows the distribution of isocitric dehydrogenase activity that 
was found between sediment and supernatant fractions of rabbit cerebral 
cortex and liver. It may be seen that the results with liver confirm those 
published by Hogeboom and Schneider (2) with respect to both distri- 
bution and recovery of the activity. With cerebral cortex, however, the 








The results represent the average of four separate fractionations and their aver. 
age deviations. 


Fraction 


Original homogenate 


Nuclei 


Mitochondria 


Unfractionated residue 


TABLE [ 


Intracellular Distribution of Fumarase in Rabbit Cerebral Cortez 


| Enzyme 
| activity* 





|\units per mL§ 
ss 

po 
+79 


225 
+28 





Total recovery, 


% 











R f . | Specth Relative 
ccovery of | Total N | activity =m, 
per cent -_ = wr ber cent 

| 100 1.51 479 100 

| +0.18 | +498 

2.5 0.11 164 36 

| +0.5 +0.01 | +69 +10 

67.2 0.43 1130 236 
+2.4 +0.02 +237 +23 
31.1 0.97 232 48 
+4.6 +0.13 +61 +6 
100.8 100.0 
+1.7 +2.9 





° * Per ml. of original homogenate or its equivalent. 
t Activity of fraction X 100 divided by activity of original homogenate. 
} Units per mg. of N of fraction X 100 divided by units per mg. of N of original 


homogenate. 


§ 1 unit is defined as that amount of enzyme giving an increase in optical density 
of 0.001 per minute in the standard system. 


Average of three fractionations and the average deviation. 


TaBLe II 
Intracellular Distribution of Aconitase in Rabbit Cerebral Cortex 


The reaction mix- 


tures contained 1.5 ml. of 0.1 m phosphate buffer, pH 7.4, tissue, and 0.3 ml. of 0.3 
sodium citrate in a fina) volume of 3.0 ml. 


the substrate. 


The blanks contained all additions except 


























. Relati 
Fraction cue | cama | Tom | Seatie enzyme 
units per ml. per cent mg. | = | al per cent 
Original homogenate 159 100 1.56 | 102 100 
+23 +0.05 +18 
Nuclei 9 5.7 0.09 100 98.0 
+2 +0.2 +0.02 +33 +19 
Mitochondria 123 77.4 0.56 220 216 
+12 +6.4 +0.03 +6 +28 
Unfractionated residue 28 17.6 0.89 31.5 30.9 
+11 +3.9 +0.05 +13 +6.6 
Total recovery, % 100.7 98.7 
+2.7 +3.8 
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Taste III 
Intracellular Distribution of Aconitase in Rabbit Cerebral Cortex 


Average of two fractionations and the average deviation. Conditions same as 
for Table II except that the substrate was 0.3 ml. of 0. 1 M potassium dl- isocitrate. 


¥ | 








| 
, Enzyme | Recovery of | 7 Specific Relative 
Fraction activity | napus Total N activity activity 
| units per ml. per cent mg. | my _ per cent 
Original homogenate 234 | 100 | 1.75 134 100 
} +2 | } +£0.11 | +7 
Nuclei a4 2.2 0.07 | 78.2 | 58.4 
| +1 | +0.5 | +0.02 +1.9 | +1.7 
Mitochondria 200 | 85.7 | 0.68 295 221 
| +5 | +2.7 | +0.02 +16 +1 
Unfractionated residue 31 | 13.4 | 1.04 30.6 22.6 
+7 | +3.1 +0.08 | +9.0 +5.6 
Total recovery, % | 101.3 102.3 


+5.3 +0.05 





TaBLeE IV 


Effect of Washing on Succinic Dehydrogenase, Fumarase, and Aconitase Activity of 
Mitochondria of Rabbit Cerebral Cortex 


Average of duplicates at two levels of enzyme. Mitochondria were sedimented 
as described under ‘‘Methods,’’ made to approximately the concentration of a 10 
per cent homogenate with 0.25 m sucrose solution, and divided into three portions. 
One was assayed without further treatment; the other two were resedimented once 
and twice, respectively, with an equal volume of fresh solution, then diluted to the 
original volume for assay. 


nll a ee 





NOD <inn.c ss ccsccastasecedseesesecse<is | 1 2 3 








Saeteantdass activity, rT O2 uptake* ee 


| 383 | 354 | 317 
Total N, mg.*. ee 0.50 0.41 =| 0.36 
SARTRE Ra se ae | 766 | 863 | 881 
Fumarase activity, unite tenance | 485 | 420 | 405 
| ee ee | 0.60 0.44 | 0.32 
Fumarase activity, unite per mg.N........ | 808 | 955 | 1266 
Aconitaset activity eS ee per ere | 85 | 75 81 
Total N, mg.* lL ds, Se aE | 0.90 | 0.57 | 0.45 
Specific activity, unite A. Pee ee | 94.4 | 131 | 180 
Aconitaset activity ee ee | 159 | 159 151 
io essen civn venoms | 0.67 | 0.51 0.42 

| 


Specific activity, ‘unite | ee eee ‘| 237 


312 358 











* Per ml. of mitochondrial suspension. 
t Conditions same as for Table II. 
t Conditions same as for Table III. 
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results are markedly different. Here, the activity is almost equally dis} cerebt 
tributed between the sediment and supernatant fractions. Although re.) jn, an 
covery of total nitrogen closely approached 100 per cent on the basis of the} cover 
appro 
TaBLe \ fracti 
Distribution of Isocitric Dehydrogenase in Rabbit Cerebral Cortex Homogenates and ir scopit 
Liver Homogenates j f the 
0 
The results represent the average of three separate fractionations and the ayer. In he 
age deviation. ‘ 
———— 7 +“ sass Mem We —— | ogee 
| Enzyme | Recovery of | + on Specifi Relative fract! 
activity — Total N activity enzyme 
activity home 
aaa aad ee 100 
Cerebral cortex fraction 
units per ml. per cent mg. = taf per cent " 
~u 
Original homogenate 334 100 1.70 196 100 9H 
+26 +0.07 +23 . § 
Sediment 404 121.0 1.13 358 183 
+54 +14 +0.03 +39 +23 4.8 
Supernatant 322 96.4 0.61 528 269 5 | 
+3 +9 +0.01 +3 +35 
ard ae Ch ake ee ery Soe TE 6. t 
Total recovery, % 217.4 102.4 7! 
+16 +4.6 
——___—_——_ —_—————— 8. ] 
Liver fraction* 9. , 
Original homogenate 4238 100 2.75 1541 100 10. | 
+238 ; +0.17 +8 ll. | 
Sediment 600 14.2 0.95 632 41.0 12. | 
+300 | +6.3 | +0.05 +279 +8.3 13. 
Supernatant 3627 85.6 1.92 1889 123 14. 
+173 +8.9 +0.01 +100 +6 15. 
Total recovery, % 99.8 104.4 16. 
+2.6 +4.1 17 
~~ + -- - —$$—__—__—__—_— 18. 
* Two fractionations. 
original homogenate, the recovery of the enzyme in the fractions was more 
than double that in the original homogenate. Further work is in progress 
to attempt to explain these results. 
SUMMARY 
Previous work has been confirmed and extended with respect to the in- 
tracellular distribution of succinoxidase, fumarase, and aconitase in rabbit 
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cerebral cortex. Each of these enzymes was largely found in, concentrated 
in, and strongly bound to the mitochondrial fraction of homogenates. Re- 
covery in the sum of the fractions of enzyme activity and total nitrogen 
approached 100 per cent on the basis of the original homogenate. The 
fractions were checked by means of DNA and PNA analyses and micro- 
scopic examination. The conclusions of others were confirmed that most 
of the isocitric dehydrogenase of liver is found in the supernatant fraction. 
In homogenates of rabbit cerebral cortex, however, activity is distributed 
equally between the sediment and supernatant, and the sum of the two 
fractions equals 200 per cent on the basis of the activity of the original 
homogenate, although recovery of total nitrogen in the fractions approaches 
100 per cent on the basis of the original homogenate. 
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THE OCCURRENCE OF DI- AND TRIPHOSPHOPYRIDINE 
NUCLEOTIDES IN GREEN LEAVES* 


By DAVID G. ANDERSON? anp BIRGIT VENNESLAND 
(From the Department of Biochemistry, University of Chicago, Chicago, Illinois) 


(Received for publication, October 28, 1953) 


Attempts to demonstrate the presence of significant amounts of DPN? 
in green leaves have hitherto been unsuccessful. Thus, in earlier studies, 
yon Euler and his collaborators (1-4) found that green leaves appear to 
contain very little, if any, DPN. They also reported, however, that ex- 
tracts of green leaves inhibit their cozymase assay system. More recently, 
Hasse and Specht (5) likewise found that extracts of pea and spinach leaves 
inhibit the fermentation assay system for DPN. They consequently re- 
garded this assay method as unsuitable for application to leaf extracts. In 
addition, Whatley (6) examined leaves for both TPN and DPN and came 
to the conclusion that green leaves contain appreciable quantities of TPN, 
but that DPN is present only in trace amounts. He also found that the 
green leaf extracts inhibit the DPN assay system which he employed, and 
so corrections had to be applied for the inhibition. 

Since DPN is otherwise so universal a component of living cells, its re- 
ported virtual absence from the green leaf might be expected to have some 
special significance. This paper presents evidence that DPN is, in fact, 
present in green leaves in at least as great amount as TPN. Both co- 
factors occur in leaves at concentrations of approximately 1 to 2 x 10-5 
mM. This concentration is 2 to 5 times greater than that previously re- 
ported for TPN. 


Materials and Methods 


TPN of 70 per cent purity was generously supplied by Dr. M. A. Mitz 
of the Armour Laboratories. DPN of 65 and 90 per cent purity was 
purchased from the Sigma Chemical Company. Glucose-6-phosphate de- 
hydrogenase was prepared according to Kornberg (7). Crystalline yeast 
alcohol dehydrogenase was prepared according to Racker (8). Glucose-6- 


* Aided in part by grants from the American Cancer Society upon recommenda- 
tion of the Committee on Growth of the National Research Council, and from the 
Dr. Wallace C. and Clara A. Abbott Memorial Fund of the University of Chicago. 
The material in this paper is taken from a thesis submitted by D. G. Anderson in 
partial fulfilment of the requirements for the degree of Doctor of Philosophy. . 

t Present address, Department of Pharmacology, School of Medicine, Western 
Reserve University, Cleveland, Ohio. 

1 DPN, diphosphopyridine nucleotide; TPN, triphosphopyridine nucleotide. 
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phosphate was prepared by the method of Levene and Raymond (9), 
Tris(hydroxymethyl)aminomethane (Tris) was purchased from the Com. 
mercial Solvents Corporation, and recrystallized from ethanol or acetone- 
water mixtures. The model DU Beckman spectrophotometer was used in 
all spectrophotometric work. 

Bean, corn, tomato, and pea leaf material was obtained from plants 
grown in the greenhouse; spinach and parsley were purchased on the 
market. Midribs were removed from bean, corn, and spinach leaves, 
With parsley and tomato the entire leaf was used, and both leaf and ad- 
joining stem of peas were employed. When separate samples from a 
particular batch of spinach leaves were assayed, the entire batch was 
frozen, mashed, and thoroughly mixed to avoid sampling errors. 

Assay Procedure—In view of the inhibitors reported to be present in leaf 
extracts, assay methods which depend on rate measurements were ex- 
cluded from consideration. Concentration of the pyridine nucleotides in 
the crude leaf extract was required in order to avoid the use of special 
spectrophotometric instrumentation. ‘The concentrated material was then 
assayed with appropriate specific enzyme systems. The final procedure 
adopted for preparing the samples represented a combination and partial 
modification of the methods of Feigelson et al. (10) and of LePage (11, 12), 

Preparation of Samples for Assay—The leaves were washed, dried, and 
frozen at —18°. From 30 to 75 gm. of the frozen material were quickly 
weighed and homogenized in a Waring blendor with 150 ml. of ice-cold 4 
per cent trichloroacetic acid or 0.5 N sulfuric acid for 5 minutes. The re- 
sulting suspension was centrifuged for 10 minutes at 3000 x g, and the pre- 
cipitate was reextracted twice with trichloroacetic or sulfuric acid as above. 
The combined supernatant fluids were first filtered and then centrifuged 
at 18,000 X g to remove interfering particulate matter. Throughout this 
procedure, the mixture was maintained at a temperature below 10°. 

The clear yellow, slightly viscid solution was then passed through 4 
column of Nuchar C prepared according to LePage and Mueller (12), with 
60 to 80 mesh material. The dimensions of the column were 2 X 15 em., 
and the rate of flow was 3 ml. per minute. The column was washed before 
and after adsorption with 150 ml. of either trichloroacetic or sulfuric acid, 
depending on the extraction medium used. Elution was performed with 
80 ml. of 10 per cent pyridine. The pyridine was removed by extracting 
the eluate three times with equal volumes of chloroform, and the chloro- 
form layers were discarded. The pH of the resulting aqueous solution was 
generally 3.5, but sometimes required adjustment to that value with 4 
per cent NaOH. The solution was lyophilized, and the solid residue was 
transferred quantitatively into 6 ml. of water. To this solution, 24 ml. of 
acetone were added, and the mixture was stored at —18° for 36 hours. 
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The precipitate was collected by centrifugation, dried in vacuo, and dis- 
solved in 2 ml. of water. At this stage, the solution was generally ready 
for spectrophotometric analysis. In the case of tomato leaf, however, the 
optical density of the solution was too high for accurate spectrophotometric 
measurements with the unmodified Beckman instrument. In this case, 
further purification was carried out by adsorption on a Dowex 2 column, 
formate form, and elution with formic acid. The eluate was then concen- 
trated by evaporation under reduced pressure. The behavior of the ma- 
terial on a Dowex column was similar to that reported for DPN and TPN 
from liver.” 

Spectrophotometric Tests for TPN and DPN—DPN was determined by 
measuring the increase in light absorption at 340 my in the presence of 
aleohol and yeast alcohol dehydrogenase (8, 13). TPN was determined 
in an analogous fashion with glucose-6-phosphate and glucose-6-phosphate 
dehydrogenase (7). The molecular extinction coefficient of Ohlmeyer, 
E, = 6.3 X 10° sq. cm. per mole at 340 my (14), was used to calculate the 
results. 

In the TPN assay, the reaction system contained 0.2 ml. of 0.5 m Tris 
buffer of pH 7.4, 0.5 mg. of glucose-6-phosphate dehydrogenase, 0.2 ml. of 
the leaf extract to be analyzed, and water to bring the volume to 2.9 ml. 
The reaction was started by adding 0.1 ml. of 0.01 m glucose-6-phosphate, 
and the total change in optical density was noted. In each case, separate 
controls were run to show the dependence of the change in optical density 
on the addition of both glucose-6-phosphate and glucose-6-phosphate de- 
hydrogenase. A small correction was required for the change caused by 
the addition of glucose-6-phosphate alone. 

In the DPN assay, the reaction system contained 0.5 ml. of 0.1 m pyro- 
phosphate buffer of pH 9.0, 0.1 mg. of alcohol dehydrogenase, 0.2 ml. of the 
leaf extract to be analyzed, and water to bring the volume to 2.9 ml. The 
reaction was started by adding 0.1 ml. of 95 per cent ethanol, and the total 
change in optical density was noted. In each case, separate controls were 
run to show the dependence of the change in optical density on both alcohol 
and alcohol dehydrogenase. With some of the leaf extracts, addition of 
enzyme without substrate brought about a decrease in optical density. 
This effect varied in magnitude with the different leaf extracts. It was 
measured accurately in control determinations, and suitable corrections 
were applied. 

To confirm the assumption that the changes in optical density deter- 
mined at 340 my were actually a measure of TPN or DPN, the shape of 
the absorption band was also determined for both pyridine nucleotides in 
each leaf source examined. This was done by making spectrophotometric 


* Horecker, B. L., and Kornberg, A., private communication. 
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measurements over the range 280 to 380 my both before and after ep. 









' . sae , there 
zymatic reduction. The conditions were the same as those described for pone! 
the assay systems, and similar corrections were determined and applied, evide 
The difference spectra so obtained were then compared with those of tural 
authentic samples of DPN and TPN and were in all cases found to be sibili 
identical within experimental error. Representative results for DPN of Ac 
parsley leaf and pea are shown in Fig. 1. trate 

Although the assay systems employed in these studies were chosen be- teria 
cause they did not depend on rate measurements, approximate comparisons valu 
tain 
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260 300 340 380 
WAVE LENGTH (mz ) 
Fig. 1. Spectra of plant pyridine nucleotides. The experimental points represent 
difference spectra determined as described in the text. Optical density is in arbi- ’ 
trary units. All curves were adjusted to the same maximum at 340 mu. 


were usually made between the rates of reduction of the unknown samples 
and of authentic samples of DPN and TPN. In no case was any essential ous 
difference observed. The inhibitors in green leaf extracts may have been TP 
removed during the purification procedure, but it is also possible that the on 
enzymatic assay systems used here are not affected by the inhibitors noted chi 
by previous investigators who employed different enzyme assay systems. ¢ 

The criteria used for identification and measurement of the two pyridine pat 
nucleotide coenzymes do not guarantee the chemical identity of these com- eng 


pounds with DPN and TPN isolated from other sources. It is known that ali 
some changes can be made in the structure of these molecules without loss Sp 
of all coenzyme activity. For example, deaminized DPN is active with 
yeast alcohol dehydrogenase, but its reduction rate is only about a tenth 
as rapid as that of DPN (15). The rate measurements mentioned above, 
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therefore, preclude the possibility that deaminized DPN is a major com- 
ponent of the plant DPN measured. On the whole there appears to be no 
evidence to support any conclusion that leaf DPN or TPN differs struc- 
turally from the DPN and TPN of yeast and liver, although such a pos- 
sibility has not yet been rigorously excluded. 

Accuracy of Assay Procedure—Since the procedure employed to concen- 
trate the leaf pyridine nucleotides undoubtedly involves some loss of ma- 
terial, the results of the assays of DPN and TPN must represent minimal 
values. Recovery experiments were performed with spinach leaf to ob- 
tain a measure of the approximate accuracy of the assay. Known quanti- 
ties of DPN or TPN or both were added to aliquots of spinach leaves at 


TaBLeE I 
Recovery of Added Pyridine Nucleotides 




















dougie ond extraction Addition | Pyridine nucleotides found 
medium iy me i ot ee “J ae 
DPN TPN | DPN TPN 
vperem. | yperam. | gt.terem.,| percent | per am. | per con 
Spinach I, TCA* 0 0 | 10.0 | 6.9 
« «&  « 0 14.7 | 9.4 | 14.8 54 
“« « HySO, 0 0 | 18.2 10.1 
- 0 13.3 | 16.8 | 17.0 52 
« ILTCAt| 0 0 13.3 | 8.7 
“ « « 8.8 8.5 | 2.4 | 81 | 18.3 78 
« € FSO, 0 0 | 15.4 | 9.4 
«  & « 8.8 8.5 23.1 88 15.4 71 








* Trichloroacetic acid. 


the start of homogenization. Separate determinations of the original 
DPN and TPN content of the same leaf material were made simultane- 
ously. The results in Table I indicate that 50 to 85 per cent of added 
TPN and DPN were recovered. The data also illustrate the fact that 
somewhat higher values were obtained when sulfuric acid rather than tri- 
chloroacetic acid was used as the extracting medium. 

Since it was conceivable that the DPN might be formed in whole or in 
part from TPN by hydrolysis during the extraction and purification pro- 
cedures, this possibility was tested by adding known amounts of TPN to 
aliquots of spinach leaf at the start of homogenization. The data for 
Spinach I of Table I show that the measured DPN content was in no case 
increased by the addition of TPN. 

In fresh yeast and animal tissues, the reduced DPN content has been 
reported to be as high as 50 per cent of the total DPN (16). Addition of 
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HO: at the time of extraction has been used to oxidize the reduced DPN 
and TPN to prevent their destruction by the acid extraction medium (10), 
Experiments conducted with spinach leaf showed no change in the final 
assay values when H.O» was added to the extraction medium. It should 
be emphasized that the spinach was frozen and stored in the dark for at 
least 12 hours prior to extraction Preillumination of the leaf might well 
lead to different results. 


RESULTS AND DISCUSSION 


Results of the assays have been assembled in Table II. The low values 
reported for tomato leaf reflect the added loss incurred by the further 
purification necessary in this one case. The recovery experiments per- 


TaBLeE IT 
DPN and TPN Content of Green Leaf 








Plant tissue TPN 








per gm. fresh weight 


ber gm. fresh weight 


Bean leaf 9.7 13.7 
Corn ‘“ 8.8 7.5 
Tomato leaf a 2.6 2.9 
Parsley ‘ . 9.1 8.6 
Pea leaf and stem 7.5 8.5 
Spinach leaf 8 .6* 13.2* 


* Average of five separate analyses; range for TPN, 6.9 to 10.1 y per gm.; for DPN 
9.3 to 18.2 y per gm. 


formed with spinach leaf indicate that the values found may safely be 
corrected upward by 20 per cent. The true values for the TPN and DPN 
content of spinach leaf may be higher than such corrected values, but 
cannot be more than twice as high as the values obtained by analysis and 
given in Table II. The latter conclusion rests on an estimation of the 
maximal possible amount of pyridine nucleotides present. This can be 
calculated from available data on the nicotinic acid content of spinach 
leaf (17). Such a calculation gives a value of approximately 40 y per gm. 
This value is almost double the average analytical values obtained for the 
sum of the DPN plus TPN in spinach. 

The level of TPN concentration in leaves is some 2 to 5 times greater 
than the average level reported by Whatley (6). The data also show that 
DPN is present at approximately the same concentration level as TPN. 
Arnon (18) has suggested that the DPN triosephosphate dehydrogenase of 
leaves is not as important functionally as TPN triosephosphate dehydro- 
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genase. One of the points cited to support this conclusion was the low 
concentration of DPN relative to TPN in leaves. This argument is clearly 
no longer valid. 

It is interesting that the ratios of the concentrations of DPN to TPN 
are much lower in the green leaf than in other sources for which data are 
available. In most cases the DPN concentration is reported to be 5 to 100 
times higher than the TPN concentration. Representative data have 
been assembled by Schlenk (19). 

If one assumes no marked local concentration in the cell, one may cal- 
culate that DPN and TPN are both present in leaves at a concentration of 
approximately 1 to2 X 10-°m. Because of the lack of pertinent data, no 
accurate estimate can be made of the extent to which leaf dehydrogenases 
would be activated by such concentrations of cofactor. However, unless 
leaf dehydrogenases require much larger amounts of cofactor than similar 
enzymes from other sources, one can expect at least about 50 per cent ac- 
tivation of leaf TPN- or DPN-linked dehydrogenases. 


SUMMARY 


An assay procedure suitable for the determination of pyridine nucleotide 
coenzymes in green leaves is described. The DPN and TPN contents of 
bean, corn, tomato, parsley, pea, and spinach leaf have been determined. 
Contrary to reports from other laboratories, both DPN and TPN are 
present in leaves in approximately equal amounts at a concentration of 1 
to2 X 10-° M. 
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THE ENZYMATIC REDUCTION OF HYDROXYPYRUVIC ACID 
TO v-GLYCERIC ACID IN HIGHER PLANTS* 


By HELEN A. STAFFORD, ANNA MAGALDI, ano BIRGIT VENNESLAND 
(From the Department of Biochemistry, University of Chicago, Chicago, Illinois) 


(Received for publication, October 28, 1953) 


Meister (1) has reported that the rate of reduction of hydroxypyruvate 
by reduced diphosphopyridine nucleotide (DPNH) in the presence of 
muscle lactic dehydrogenase is as rapid as the rate of reduction of pyruvate. 
The present paper reports evidence for the existence in higher plants of a 
new pyridine nucleotide dehydrogenase which catalyzes the reduction of 
hydroxypyruvate, but not of pyruvate. The product of this reaction has 
been identified as p-glyceric acid. The reaction, shown in Equation 1, is 
reversible, and the enzyme may therefore be called p-glyceric dehydro- 
genase. This enzyme does not act with lactic acid, and is consequently 
quite distinct from lactic dehydrogenase. 


COOH COOH 
C=O + DPNH + H+ = HCOH + DPN+ (1) 
CH.OH CH.0H 


Materials and Methods 


Hydroxypyruvate was prepared from pyruvic acid according to Sprinson 
and Chargaff (2). We are indebted to Dr. W. Fager for a gift of this 
material. Diphosphopyridine nucleotide (DPN) of 90 per cent purity was 
purchased from the Sigma Chemical Company. DPNH was prepared en- 
zymatically (3). Crystalline lactic dehydrogenase was prepared from beef 
heart according to Straub (4). The calcium salt of racemic glyceric acid 
was purchased from the Nutritional Biochemicals Corporation and was 
purified by repeated precipitation as the Ca or Ba salt, with the use of 
charcoal to remove pigments. A solution of p-glyceric acid was prepared 
by treatment of 3-p-phosphoglyceric acid (Nutritional Biochemicals) with 
phosphatase (Armour). Triphosphopyridine nucleotide (TPN) of 40 to 
60 per cent purity was obtained from the Armour Laboratories. 

Preparation of Plant Material for Enzymatic Examination—Plants were 
grown in the garden or were obtained from commercial sources. Leaves 
were frozen before being ground, while other plant parts were used without 

* Aided in part by grants from the American Cancer Society upon recommenda- 
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further treatment except peeling if necessary. Wheat germ (General 
Mills, S-50) was extracted with 4 volumes of distilled water at room tem- 
perature for 30 minutes and centrifuged. The extract was then maip- 
tained at 55° for 15 minutes, and the precipitate which formed was re. 
moved by centrifugation. Pea seeds (variety Alaska) were ground to a 
fine powder. The powder was extracted with 4 volumes of distilled water 
at room temperature for 30 minutes and centrifuged. All other materials 


x g for 20 minutes at 4°. 

The crude extracts or juices were all treated as follows: 400 gm. of 
(NH,)2SO, were added per liter of extract, and the solution was kept at 4° 
for 30 minutes. The protein precipitate was centrifuged in the cold at 
18,000 x g for a sufficient period of time to give a well packed pellet. This 
pellet was dissolved in 0.001 m phosphate buffer of pH 7.4. The volume 
of buffer used was generally one-half to one-fourth the volume of the 
original extract. The protein concentrates were stored at —18°. The 
precipitates which appeared on thawing were removed by centrifuging the 
solutions immediately before use. The protein content of these solutions 
was determined by measurement of the optical density at 280 and 260 my 
according to Warburg and Christian (5). 


EXPERIMENTAL 


Distribution of Enzyme—The protein fractions obtained from the various 
plant sources were tested spectrophotometrically for their ability to cat- 
alyze the oxidation of DPNH by hydroxypyruvate and by pyruvate. The 
tests were made by measuring the change in optical density at 340 my 
when 10 um of hydroxypyruvate or pyruvate were incubated with 140 y of 
DPNH in the presence of enzyme in a total volume of 3.0 ml. The solu- 

‘ tion was buffered with 3.3 X 10-* m Tris (tris(hydroxymethyl)aminometh- 
ane) buffer of pH 7.4. The readings were made against a blank sample 
which contained all the components except DPNH. A control sample 
contained all the components except pyruvate or hydroxypyruvate. This 
control was necessary because the light absorption at 340 my due to DPNH 
often declines at an appreciable rate in the absence of added oxidant (6). 
The readings obtained with the complete systems were always corrected by 
subtracting the change in optical density observed in the control. With 
the more active preparations, this correction was negligible. 

Fig. 1 shows a plot of some typical results obtained with parsley leat 
protein and potato tuber protein. For comparison, the results obtained 
when crystalline muscle lactic dehydrogenase was substituted for the plant 
preparations are also presented. The amount of each of the enzymes used 





were ground in a meat grinder, and the suspension was strained through 
cheese-cloth. The plant juice was then cleared by centrifugation at 18,000 | 
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in these tests was adjusted so that approximately similar reaction rates 
were obtained with hydroxypyruvate in all three cases. It is apparent 
that the potato tuber protein gave results similar to those for lactic de- 
hydrogenase, in the sense that pyruvate was reduced at about the same 
rate as hydroxypyruvate with a given amount of enzyme. In contrast, 
the parsley leaf protein gave no detectable reaction with pyruvate. With 
most of the plant preparations tested the results were similar to those ob- 
tained with parsley leaf. All the results obtained are summarized in Table 
I. The figures in the first column represent the activity calculated in 
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Fic. 1. Oxidation of DPNH by pyruvate and hydroxypyruvate. The reaction 
mixtures are described in the text. Dash lines, pyruvate; solid lines, hydroxypyru- 
vate. 





terms of liters of the original crude extract. The figures in the second col- 
umn give the specific activity of the material precipitated by (NH4)2SOx. 

In none of the preparations listed in Group I (Table I) was there any 
detectable activity with pyruvate, indicating the absence of lactic dehy- 
drogenase. Only two sources, ripe tomato fruit and plum fruit, were 
inactive with hydroxypyruvate. The various preparations are listed in the 
order of decreasing activity, and it is clear that all of the highest activities 
were found in leaves. 

The preparations listed in Group II showed activity with pyruvate as 
well as with hydroxypyruvate. The activities with the two substrates 
were approximately equal. The data obtained with squash fruit and tur- 
nip root were similar to the data already described for potato tuber. 


View 
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Identification of p-glyceric Acid—The parsley leaf enzyme was chosen for 
a more detailed investigation. In order to obtain sufficient material for 
an unequivocal identification of the product, 0.3 mm of hydroxypyruvate 














TABLE | 
Distribution of Plant Enzymes Capable of Oxidizing DPNH in Presence of 
Hydroxypyruvate 
Source Total activity* Specific activityt f 

Group I 
SIN 654, oonctsg ve Gids einord 3 Rte Bs. 18,800 29.0 
1g Seer ree se tia 17,700 | 42.0 
Tomato leaves............... RSET 10,800 54.2 
a 0 9,790 | 39.8 
NE Fe aye ire oc hte neo extn Lae 8,150 50.0 
MND FP -sn0 os att wep as ea 4,850 | 29.1 
Lettuce “ ... oe ee 4,400 | 25.0 
Corn leaves. . eer Seas ceaet 2,780 13.0 
PEOMAMEE FORVOS. .. oo. ese cacscsines 2,370 4.5 
ET INE. 6i6 5 cnc crore wawce aden vieus 684 5.8 
CN a5 55 iniss: o Srna new eds | 400 | 4.0 
Tomato fruit (green). .................. 310 | 18.6 
I CPUG ich. 6oss ceWewcwswen on 33 3.9 
SE SEE Re ere ee ee | 20 | 0.1 
ag ES Ari ane) eer rena 18 0.3 
od coc cs oes asks cannes cers 9 1.3 
Honeydew melon (ripe)................. 4 1.4 
pe) 0 | 0 
ce 0 0 

Group II 
i EE | 450 3.9 
Ee eee eee 100 10.0 
ee ee ee re re 41 | ta 


* Change in optical density per minute X liter (optical density = log J,/I). 
t Units per mg. of protein. 1 unit equals the amount of enzyme causing a change 
in optical density of 0.01 per minute. 


was incubated in 10 ml. of 0.25 m Tris buffer of pH 7.4 with 33 mg. of 
parsley leaf protein and sufficient DPNH to give a complete reduction of 
the hydroxypyruvate. The reaction was followed by measuring the op- 
tical density at 340 my of appropriate dilutions of aliquots of the reaction 
mixture. When the reaction was complete, 1 ml. of 5 n H.SO, was added, 
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and the solution was centrifuged. The supernatant fluid was extracted 
in a continuous extractor with freshly distilled diethyl ether. A period of 
55 hours was required for complete extraction of the acid product. After 
addition of 1 ml. of HO, the ether was evaporated in a stream of Ne at 
room temperature. The aqueous residue was titrated with Na,CO;. The 
amount of acid obtained in several different experiments ranged from 90 to 
95 per cent of theory. The products from four different experiments were 
combined for further analysis. 

Aliquots of the neutralized solution gave a blue color with the naphtho- 
resorcinol-H,SO, spot test for glyceric acid described by Feigl (7). This 
test can be used quantitatively with spectrophotometric measurement at 
660 my. The results of such determinations were in agreement with the 
titration values. The solution was then examined chromatographically. 
Aliquots were treated batchwise with Dowex 50 to remove cations and 
applied to 22 X 18 inch Whatman No. 1 paper. Chromatograms were 
developed for 15 hours with a butanol-acetic acid-water mixture prepared 
according to Stepka (8). The dried papers were then sprayed with a 0.04 
per cent solution of brom cresol green in 95 per cent ethanol. 50 y of the 
unknown acid gave a compact spot in the glyceric acid position. 5 to 10 
times that amount gave a small secondary spot in addition. The con- 
taminating material was identified as pyruvic acid which was present in the 
original hydroxypyruvic acid solution. The unknown acid gave one com- 
pact spot when mixed with appropriate amounts of known glyceric acid. 

The optical rotation of the unknown solution was determined in the 
presence of molybdate. The procedure used was identical with that em- 
ployed by Meyerhof for phosphoglyceric acid (9). In two separate experi- 
ments values for [a], (calculated for the sodium salt) were +75° and +82°. 
Fager and Rosenberg (10) have reported that [a], for p-glycerate by the 
same molybdate method is +83°. 

The results of the above tests left little doubt that the product of hy- 
droxypyruvate reduction by the parsley enzyme was p-glyceric acid. To 
confirm and complete the identification, the p-phenylphenacy] derivative 
was prepared. This derivative has been described by Fager and Rosen- 
berg (10). The procedure employed was a modification of detailed in- 
structions provided by Dr. Fager in a private communication. 

An aliquot of the neutralized extract which was calculated to contain 80 
mg. of glycerate was evaporated to dryness on the steam bath and then re- 
fluxed with 1.0 equivalent of p-phenylphenacy! bromide in 3 ml. of 65 per 
cent ethanol for 3 hours. Water was added until the alcohol content was 
reduced to 25 per cent, and the resulting suspension was left in the ice box 
overnight. The precipitate was collected by centrifugation, washed sev- 
eral times with water, and dried under a vacuum over CaCl». It was then 
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extracted several times with boiling petroleum ether to remove any phen- 
acyl alcohol which might have formed. The residual material was re- 


crystallized repeatedly and alternately with water-ethanol and benzene- 
petroleum ether until the melting point was constant. A sample of known 
p-glycerate was prepared by phosphatase treatment of p-phosphoglycerate, 
The p-glyceric acid was extracted with ether, and the p-phenylphenacy) 
ester was prepared by the procedure described above. Both of the esters 
melted at 145-146°. There was no depression of the mixed melting point, 
This melting point is the same as that obtained by Fager (private communi- 
cation). 

The reduction product obtained from hydroxypyruvate with DPNH and 
muscle lactic dehydrogenase was prepared in sufficient quantity to deter- 
mine [a], by the molybdate method. The rotation was equal in magni- 
tude and opposite in sign (7.e., negative) to that obtained with the parsley 
leaf enzyme. The conclusion was drawn that the muscle lactic dehydro- 
genase forms L-glyceric acid from hydroxypyruvate, as expected. 

Reversibility of Reaction—The equilibrium of the reaction favors the re- 
duction of hydroxypyruvate. The reduction of DPNt+ by pt-glycerate 
could be demonstrated, however, at pH 9 with the parsley leaf enzyme. 
Thus, the change in optical density at 340 mu indicated that 0.076 um of 
DPNH was formed from 100 uM of pi-glycerate and 1.48 um of DPN+. A 
similar reduction of DPN by pi-glycerate was observed in the presence of 
crystalline muscle lactic dehydrogenase. The observations were not made 
with sufficient care to obtain an accurate measurement of the equilibrium 
constant. 

Reduction of Glyoxylic Acid—The possibility was considered that the 
p-glyceric dehydrogenase described in the present paper is identical with 
the glyoxylic reductase studied by Zelitch (11, 12). 

Preliminary tests of a few enzyme preparations showed that glyoxylic 
reductase activity was present in every case. The ratio of the rate of 
reduction of hydroxypyruvate to the rate of reduction of glyoxylic acid 
varied considerably among the different preparations tested. Thus the 
ratio had a value of 18 for a pea leaf preparation, 3.2 for pea seeds, 3.5 for 
a fresh carrot root preparation, 12 for an aged carrot root preparation, and 
40 for a parsley leaf preparation made from an acetone powder of the leaf. 
For a fresh spinach leaf preparation, the ratio was 7, and for an aged 
spinach leaf preparation, 16. A ratio of 60 was observed with an extract 
of an acetone powder prepared from washed spinach leaf chloroplasts. The 
bisulfite addition compound of glyoxylic acid used to prepare the substrate 
for these tests was a gift from Dr. I. Zelitch. The results described suggest 
that two different enzymes may be involved, but the data are insufficient 
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to give an unequivocal answer. Further experimentation will be required 
to settle this point.? 


DISCUSSION 


The failure of pyruvate to oxidize DPNH cannot be regarded as suffi- 
cient evidence that lactic dehydrogenase is absent from all of the sources 
listed in Group I of Table I. It is conceivable that pyruvate may be de- 
carboxylated very rapidly to acetaldehyde and that no alcohol dehydro- 
genase is present. It is also possible that the reaction obtained with pyru- 
vate in the enzyme preparations of Group II might indicate the presence of 
carboxylase and alcohol dehydrogenase. These possibilities were tested in 
the case of the parsley leaf enzyme preparation and the potato preparation. 
Potato tuber has been reported td contain lactic dehydrogenase (13), and 
L-lactate has been isolated from potato tubers (14). The protein prepara- 
tion employed in the present study did, in fact, cause a reduction of DPN+ 
by L-lactic acid. The parsley preparation was shown to contain no pyru- 
vic carboxylase and only a trace of alcohol dehydrogenase activity. Fur- 
thermore, it caused no reduction of DPN by pt-lactate. If these enzymes 
were present in the parsley leaf, they were removed or inactivated by the 
procedure employed for protein concentration. It seems probable that 
these conclusions will be found to apply to the other leaf sources used, 
since leaves tested in this laboratory have been found to be relatively poor 
sources of pyruvic carboxylase and alcohol dehydrogenase. 

The parsley leaf p-glyceric dehydrogenase was found to be specific for 
DPN in the sense that no oxidation of TPNH by hydroxypyruvate could 
be detected. Fortunately, it has been shown that DPN is present in green 
leaves (15). Otherwise, the enzyme might appear to be functionless. 

The problem of the physiological function of p-glyceric dehydrogenase 
awaits further study. Since the a-hydroxy acid oxidase of leaves does not 
act on glyceric acid (16), it seems unlikely that p-glyceric dehydrogenase 
should function as a link in a terminal respiratory system in the manner 
that Zelitch (11) suggested for glyoxylic reductase. 

Two other possibilities may be considered. Sprinson and Chargaff (17) 
have shown that kidney preparations convert serine to hydroxypyruvic 
acid. If the plant tissues can effect a similar reaction, then p-glyceric 


‘In a private communication, Dr. I. Zelitch has informed us of the following 
evidence indicating that two separate enzymes are involved. Purification of gly- 
oxylic acid reductase from tobacco leaves changes the ratio of the rate of reduction 
of glyoxylate to hydroxypyruvate to a significant extent, and the activity with hy- 
droxypyruvate is more sensitive to p-chloromercuribenzoate than that with gly- 
oxylate. 
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dehydrogenase might function in an interconversion of serine and glyceric 
acid. 

Another possibility is suggested by the findings of Racker et al. (18) and 
of Horecker and Smyrniotis (19). These workers have described an en- 
zyme, transketolase, which catalyzes a number of reactions including the 
conversion of hydroxypyruvate and glyceraldehyde phosphate to pentose 
phosphate and CO.. One may speculate that a mechanism may exist for 
the reversal of this or a similar reaction. The possibility that p-glyceric 
dehydrogenase functions with phosphohydroxypyruvate as well as with 
hydroxypyruvate might also be considered. In this connection it is of 
interest that the rate of reduction of hydroxypyruvate observed with many 
of the leaf extracts is of the same order of magnitude as a moderate photo- 
synthetic rate in a comparable amount of intact leaf tissue. Although it is 
easy to postulate a set of reactions in which p-glyceric dehydrogenase might 
function by catalyzing an essential step in the formation of phosphoglyceric 
acid from pentose phosphate and COn, this, by itself, constitutes no evi- 
dence that the enzyme functions in photosynthesis, and further experimen- 
tal studies are required to determine the réle of this enzyme in the interme- 
diary metabolism of the plant. 


SUMMARY 


Evidence is presented that parsley leaves contain an enzyme which 
catalyzes a reduction of hydroxypyruvate by DPNH. The product of the 
reaction has been identified as p-glyceric acid, and the enzyme has been 
called p-glyceric dehydrogenase. 

Crystalline muscle lactic dehydrogenase catalyzes a reduction of hy- 
droxypyruvate to L-glyceric acid, but the leaf p-glyceric dehydrogenase 
does not act on p- or L-lactate or on pyruvate. It is therefore quite dis- 
tinct from lactic dehydrogenase. It is widely distributed in higher plants 
and is particularly active in green leaves. 
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STUDIES ON THE FATTY ACID OXIDIZING SYSTEM OF 
ANIMAL TISSUES 


VI. B-HYDROXYACYL COENZYME A DEHYDROGENASE 


By SALIH J. WAKIL, D. E. GREEN, S. MII, anp H. R. MAHLER 


(From the Institute for Enzyme Research, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, August 10, 1953) 


In previous communications (1-3) it was shown that the product of the 
first dehydrogenation in the fatty acid oxidation sequence is acted upon by 
a hydrating enzyme (unsaturated acyl CoA! hydrase) to yield the cor- 
responding 8-hydroxyacyl CoA derivative. The latter compound is the 
substrate for the second dehydrogenation step which can be formulated as 
follows: 


(1) dRCHOHCH:.COSCoA? + DPNt+ = RCOCH:COSCoA + DPNH + Ht 


where R is an alkyl radical. Since the enzyme has been shown to catalyze 
the dehydrogenation of all the 6-hydroxyacyl derivatives of CoA from C, 
to Cy, at approximately equal rates, the name 6-hydroxyacyl CoA de- 
hydrogenase is suggested. The rdle of DPN as a specific electron acceptor 
for fatty acid oxidation was recognized and reported by two independent 
groups in this institute in 1952 (4, 5). The over-all conversion of butyryl 
CoA to acetoacetate in a system of soluble enzymes was shown to involve 
a DPN-requiring dehydrogenation as well as a DPN-independent oxida- 
tion. Although the individual enzymes in the two-step oxidation had not 
been resolved, it was postulated at the time (6) that either 6-hydroxy- 
butyryl CoA or crotonyl CoA was the intermediate between butyryl CoA 
and acetoacetate. Later in 1952, Lynen et al. (7) reported for the first 
time on the isolation and purification of an enzyme from sheep liver which 
catalyzes the oxidation of DPNH by the acetoacetyl CoA analogue, S-ace- 


'The following abbreviations will be used: hydrase (unsaturated acyl CoA hy- 
drase), dehydrogenase (8-hydroxyacyl CoA dehydrogenase), DPN (diphosphopyri- 
dine nucleotide), DPNH (reduced DPN), Diol (2-amino-2-methyl-1,3-propanediol), 
CoA (coenzyme A), CoIII (coenzyme III), Km’ (Michaelis-Menten constant), Tris 
(tris(hydroxymethyl)aminomethane). 

* Although the optical specificity has only been determined for the C, derivatives, 
in which the d rotational isomer has been shown to be the substrate for Reaction 1, 
the type equations have been written as shown in the text in order to emphasize 
that the enzymes are optically specific. In all cases tested, only half of the total 
concentration of a dl mixture is enzymatically reactive, but we have not undertaken 
a rigorous determination of the active enantiomorph. 
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toacetyl-N-acetylthioethanolamine. This reaction was used as the basis 
for their enzyme assay. It was also shown that this enzyme catalyzed the 
reduction by DPNH of a compound, derived enzymatically from acety| 
CoA, to B-hydroxybutyryl CoA. The relationship of this enzyme to the 
general 6-hydroxyacyl CoA dehydrogenase described in this paper is yet 
to be determined. Similar results involving the reduction of acetoacety| 
CoA by DPNH were reported by Stern et al. (8) in 1953. At the same time 
Lehninger and Greville (9) showed that fractionated extracts of acetone. 
dried rat liver mitochondria catalyzed the oxidation of d-8-hydroxybutyrate 
by DPN only in the presence of adenosinetriphosphate and CoA. These 
results led them to postulate the presence of a d-8-hydroxybutyryl CoA 
dehydrogenase.* The present communication deals with the purification 
and properties of 8-hydroxyacyl CoA dehydrogenase isolated from beef 
liver mitochondria. 


Results 


Assay System—Since the substrate is oxidized by DPN (Reaction 1), 
the increase in optical density at 340 my provides a basis of enzymatic 
assay. $-Hydroxyhexanoyl CoA is routinely used as substrate. The re- 
action mixture (1 ml.) contains 50 um of Diol buffer of pH 10, 1 um of 
DPN, and 0.1 um of 8-hydroxyhexanoyl CoA. The reaction is started by 
addition of the dehydrogenase, and the change in optical density at 340 
my is measured. The enzyme concentration is adjusted to give a rate of 
optical density change of 0.010 to 0.060 per minute. Within this range 
the rate is proportional to enzyme concentration and it is also linear with 
time for the first 3 minutes. 1 enzyme unit is defined as the amount which 
leads to the reduction of 1.0 um of DPN per minute under the above condi- 
tions. Specific activity is defined as units per mg. of enzyme. 


Purification 


Extraction and First Ammonium Sulfate Fractionation—The acetone pow- 
der of beef liver mitochondria is prepared and extracted (Fraction A) as 
described in preceding papers of this series (3, 10). All manipulations 
unless otherwise noted are carried out at 0°. Fraction A is made 40 per 
cent saturated with respect to ammonium sulfate at pH 7.0, and the pre- 
cipitate formed is discarded. The supernatant solution is brought to 55 
per cent saturation with ammonium sulfate; the precipitate is collected by 
centrifugation and dissolved in a minimal volume of 0.02 m KHCO; (Frae- 
tion B). 

3 The September, 1953, issue of the Federation Proceedings carries a full report of 
the talks given by F. Lynen and one of us (H. R. M.) at the April, 1953, meetings 


of the American Society of Biological Chemists dealing with this and other phases 
of fatty acid oxidation. 
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Heat Inactivation—Fraction B is dialyzed versus 0.02 m KHCO; for 3 
hours and is then heated in a water bath at 50° for 20 minutes. The de- 
natured protein is removed by centrifugation and the supernatant fluid 
(Fraction C) is saved. 

Alcohol Fractionation—Fraction C is adjusted to contain 20 mg. of pro- 
tein per ml. Alcohol at —20° is added slowly and the temperature of the 
enzyme solution is lowered almost to the freezing point during the addition. 
The protein precipitating between 45 and 60 per cent with respect to alco- 
hol (volume per volume) is collected by centrifugation and dissolved in the 
minimal amount of 0.02 m KHCO; (Fraction D). 

Treatment with Zn(OH)»2 Gel—Fraction D was dialyzed for 2 hours versus 
0.02 m KHCO; to remove alcohol and the protein concentration adjusted 
to a level of 10 to 20 mg. per ml. An amount of Zn(OH)2 gel (3) equal in 


TABLE I 
Purification of B-Hydrozyl CoA Dehydrogenase 





» I i . | 
Fractionation step | Frac Specific | Volume of} protein | Total | Recovery 














| tion | activity fraction | | units | of units 

| Bo? = . | ml. mg. | | per cent 
Acetone powder extract | A 0.6 | 3800 | 100 ,000 | 60,000 | 100* 
(NH,)2SO, fractionation B | 1.0 | 800 | 40,000 | 40,000| 67 
Heat inactivation Cc | 25 750 | 17,300 | 43,300| 72t 
Alcohol fractionation D | 4.0 225 | 4,500 | 18,000; 30 

| E 6.0 


Gel eluates | | 100 | 1,500} 9,000; 15 














* Arbitrarily taken as 100 per cent. 
+ This apparent increase is probably due to the removal of deacylases. 


dry weight to the protein is added and the mixture centrifuged immedi- 
ately. The gel is washed three times with 0.1 m phosphate buffer of pH 
7.8. The washed gel is suspended in 2 to 5 volumes of 0.5 m phosphate 
buffer of pH 7.8 and centrifuged. This process is repeated three times 
and the eluates combined. The combined eluates are made 70 per cent 
saturated with respect to ammonium sulfate, and the precipitate, collected 
by centrifugation, is dissolved in 0.02 m KHCO,; (Fraction E). It is 
necessary sometimes to repeat this step with either the same gel or alumina 
Cy (11) in order to remove some contaminating enzymes, especially the 
cleavage enzyme (12). The purification is outlined in Table I. 

Preparation of Hydrase-Free Dehydrogenase—Certain experiments require 
the use of dehydrogenase free of hydrase (13) or of hydrase free of dehy- 
drogenase. At the stage of Fraction D during the preparation of fatty 
acid activating enzyme (10) both hydrase and dehydrogenase are present. 
Hydrase can be removed entirely by the addition of small increments of 
Zn(OH): gel (3) and continuing this addition until the tests of the super 
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natant solution for hydrase are negative. Such a preparation serves two 
purposes, first as a source of dehydrogenase free of hydrase, and second as 
one of fatty acid activating enzyme free of hydrase. The latter is necessary 
for the preparation of the various acyl CoA derivatives of unsaturated and 
6-hydroxy fatty acids free from cross-contamination. 


Properties of Dehydrogenase 

Enzymatic Purity—Preparations of specific activity 8 and above are 
free of the following enzymatic activities: fatty acid activating enzyme (10), 
butyryl CoA dehydrogenase (3), higher fatty acyl CoA dehydrogenase 
(1, 2), cleavage enzyme (12), malic dehydrogenase, and condensing enzyme 
(14). 

Optimal pH of Enzyme Assay—Dehydrogenase activity as a function of 
different hydrogen ion concentrations is shown in Fig. 1. The optimal rate 
is observed at pH 10. 

Kinetics of Reaction—Under the conditions employed, the reduction of 
DPN is zero order for the first 3 minutes and is proportional to enzyme 
concentration. The dependence of the rate of reduction of DPN upon the 
concentration of $-hydroxybutyryl CoA, 8-hydroxyhexanoyl CoA, and 
8-hydroxyoctanoyl CoA is shown in Fig. 2. When these data are plotted 
by the reciprocal method of Lineweaver and Burk (15), straight lines are 
obtained with Michaelis-Menten (16) constants of 3.1 & 10-* m, 3.4 & 107 
M, and 3.5 X 10~‘ M, respectively. 

68-Hydroxylauryl CoA in low concentration is an adequate substrate for 
the enzyme with an apparent K’, of 1 X 10-‘ mM. At concentrations of 
4 X 10-° m and above, however, it is an effective inhibitor of the reaction. 
If 8-hydroxylauryl CoA is added at this or higher concentrations to a 
system actively oxidizing 6-hydroxyhexanoyl or 8-hydroxyoctanoyl CoA, 
DPN reduction ceases immediately. This inhibiting effect of 6-hydroxy- 
‘lauryl CoA is probably due to its surface-active properties. 

The rate of reduction of DPN as a function of DPN concentration in the 
presence of 6-hydroxyhexanoyl CoA as substrate is shown in Fig. 3. The 
K,,’ for DPN is 4.35 K 10-> m. CollII (17), but not TPN, can replace 
DPN as electron acceptor. 

Specificity—The dehydrogenase has a wide range of action, as indicated 
above. It catalyzes the oxidation of all the 6-hydroxyacy] CoA derivatives 
from C, to Ci, tested. The dehydrogenase is specific for d-6-hydroxyacy] 
CoA (9), as shown in Fig. 4. dl-8-Hydroxybutyryl CoA is oxidized to the 
extent of 50 per cent, while /-8-hydroxybutyryl CoA shows very little oxi- 
dation. This slight oxidation might indicate contamination by a trace of 
the dform. Addition of hydrase (13) does not affect the rate, nor the ex- 
tent of the oxidation of either dl-8-hydroxybutyryl CoA or the inactive | 
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enantiomorph. If hydrase were not specific for the d form, it would have 
racemized the / isomer and made it available for the dehydrogenase re- 
action. 

Product of Reaction—The products of the oxidation of 8-hydroxybutyry] 
CoA, 8-hydroxyhexanoyl CoA, and 6-hydroxyoctanoyl CoA were isolated 
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Fic. 1. Each cuvette contained 1 um of DPN*, 50 um of buffer (Tris for the pH 
range 7.0 to 9.0 and Diol for the pH range of 9.0 to 10.5), and water to a total volume 
of 1.0ml. The reaction was started with 2.0 y of dehydrogenase. Temperature 25°. 

Fic. 2. Each cuvette contained 2 um of DPN*, 50 um of Diol buffer, pH 10.0, and 
water to a total volume of 1.0 ml. Concentrations of substrates (Curve A = 6-hy- 
droxybutyryl CoA, Curve B = 6-hydroxyhexanoy] CoA, and Curve C = 6-hydroxy- 
octanoyl CoA) were varied as shown. The reaction was started with the addition 
of 0.7 y of dehydrogenase. Temperature 25°. 

Fig. 3. Each cuvette contained 50 um of Diol buffer, pH 10.0, 0.1 um of 8-hydroxy- 
hexanoyl CoA, and water to a total volume of 1.0 ml. DPN* concentration was 
varied as shown. The reaction was started with the addition of 2.0 y of dehydro- 
genase. Temperature 25°. 


from the reaction mixture with phenol-benzyl alcohol and identified as the 
corresponding B-ketoacyl derivatives of CoA. Detailed accounts of the 
preparation and properties of these compounds are given in Paper II of 
this series (18). Experiments bearing on the stoichiometry of Reaction | 
are also presented in this communication (18). 

ee rere The reaction catalyzed by the dehydrcgenase is 
reversible (1, , 18), and the position of the equilibrium is dependent 
on pH (7). W he n es extent of the oxidation of the substrate is plotted 
as a function of the hydrogen ion concentration (Fig. 5), an S-shaped 
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Fia. 4. Curve A, the cuvette contained 1 um of DPN*, 50 um of Diol, pH 9.0, 0.05 
um of dl-8-hydroxybutyryl CoA, and water to a total volume of 1.0 ml. Curve B 
is the same as Curve A except that 0.045 um of 1-8-hydroxybutyryl CoA was used 
instead of dl-8-hydroxybutyryl CoA. The reaction was started with the addition of 
27 of dehydrogenase. At times JJ and III, 2+ of dehydrogenase and 1.0 y of hydrase 
were added respectively. Temperature 25°. 
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Fic. 5. Same conditions as for Fig. 1. Excess dehydrogenase is added to bring 
the system to equilibrium within 20 minutes. Temperature 25°. 


PER CENT OF SUBSTRATE OXIDIZED 


curve is obtained. The inflection point, corresponding to 50 per cent 
oxidation at equilibrium, occurs at pH 8.2. 
The equilibrium constant (Kaen) for Reaction 1 can be defined as 


[8-ketoacyl CoA][DPNH][H*] 


Kan = 
- [d-8-hydroxyacyl CoA][DPN*] 
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At 25° Kaen is found to be 6.3 X 10- for 8-hydroxybutyryl CoA and 
25 X 10“ m for 8-hydroxyhexanoyl CoA, calculated on the basis of only 
one enantiomorph of the di mixture reacting. The initial concentration of 
the 6-hydroxyacyl CoA used was determined by hydroxamic acid assay 
(19), assuming an optical density at 540 my of 0.180 for 0.25 um of thioester 
in 1 ml. of solution. 

By use of Burton and Wilson’s value for the oxidation reduction potential 
(E’)) of DPN: DPNH (20) it can be calculated that the E’, for the oxida- 
tion of B-hydroxybutyryl CoA is —0.224 volt (25° and pH 7.0). This 
value is higher than that for /-8-hydroxybutyrate-acetoacetate, namely 
-0.282 volt as given by Green et al. (21). If the older values for the 
DPN:DPNH couple are used, the discrepancy would be even higher, of the 
, 0.05 — order of 100 mv. 
ve B At pH 9.0 or above, the oxidation of the 8-hydroxyacyl CoA by DPN is 

almost complete. At pH 8.0 it is found that the equilibrium can be shifted 
a to the right by as much as 30 per cent in the presence of 20 um of MgCl, 
per ml. Mg*+ probably forms a complex with 6-ketoacyl CoA, perhaps in 
the ratio of 2 molecules of 8-ketoacyl CoA to 1 molecule of Mg++. The re- 
sult is a shift of the equilibrium to the right, which is more easily detect- 
able at lower pH values than at higher ones, at which the reaction is almost 
complete. Similarly Stern ef al. (8) have shown that Mg++ forms a com- 
plex with acetoacetyl CoA, giving rise to an enhanced absorption at 303 
mu, while Beinert (18) has shown that these Mg++ complexes do not con- 
tribute to the absorption at 340 mu. 


Materials 


Acyl CoA Derivatives—The various acyl CoA derivatives are prepared 
either enzymatically by action of the activating enzyme (10) or chemically 
by the reaction of the anhydride with reduced CoA (22). The CoA used 
was prepared from yeast according to the method of Beinert et al. (23). 


SUMMARY 


The enzyme catalyzing the oxidation of 8-hydroxyacyl CoA derivatives 
with DPN as electron acceptor has been isolated, and partially purified, 
from beef liver mitochondria. The enzyme acts on all 6-hydroxyacyl CoA 
derivatives tested from C, to C2 and is optically specific for the product of 
r cent} the unsaturated acyl CoA hydrase, i.e. d-6-hydroxyacyl CoA. Under the 
assay conditions used maximal activity is obtained at pH 10.0. At this 
pH the reaction proceeds completely from left to right, while at lower 
values the equilibrium can be shifted in favor of B-ketoacyl CoA formation 
by the use of Mg*+ as complexing agent. 
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THE FATE OF INJECTED SODIUM GLUCURONATE AND 
GLUCURONE IN THE RAT 


By MARIAN A. PACKHAM anp G. C. BUTLER 


(From the Department of Biochemistry, University of Toronto, Toronto, Canada) 
(Received for publication, October 9, 1953) 


Isotopic studies of the biological synthesis of glucuronides have led to 
varied and, in some cases, conflicting conclusions. Although the results of 
some workers (1, 2) indicate that trioses may be the precursors of glu- 
curonides, the findings of Eisenberg and Gurin (3) and of King and his 
collaborators (4, 5) suggest that the carbon chain of glucose is incorporated 
intact into glucuronides. Previous results from this laboratory (6) showed 
that glucuronic acid was a more direct precursor of urinary glucuronides 
than was glucose, lactate, or pyruvate. These results were difficult to 
reconcile with those of Douglas and King (7, 8) who concluded (8), from 
experiments with p-glucurone, that glucuronic acid was not utilized ex- 
tensively for glucuronide synthesis. The work to be described below was 
undertaken in an attempt to explain the difference between these results. 

Dr. N. E. Artz suggested to us that glucurone and sodium glucuronate 
might not be interchangeable in metabolic reactions. This theory found 
some support in the findings of Spencer and Williams (9) that glucuronic 
acid inhibited the enzyme §-glucuronidase, whereas glucurone did not. 
We have therefore compared glucurone, glucuronate, and glucose as pre- 
cursors of urinary naphthol glucuronide in rats. 


Materials and Methods 


Starch and glucose labeled uniformly with C'™ were prepared photo- 
synthetically by the method of Putman, Hassid, Krotkov, and Barker (10). 

Labeled barium glucuronate was prepared from the a-naphthol glucu- 
ronide excreted by rats that had been fed uniformly labeled starch by the 
method previously described (6). As a check on its identity and purity, 
5.5 mg. of the labeled barium glucuronate were dissolved in 10 ml. of 
water, and samples of the solution were counted. The remaining solution 
was mixed with 500 mg. of non-radioactive sodium glucuronate (monohy- 
drate) and converted by the method to be described below into the benzyl- 
phenylhydrazone of glucurone for counting. The specific activity of this 
glucurone carbon was found to be 193 ¢.p.m. per mg. of carbon, the caleu- 
lated value being 197 c.p.m. per mg. of carbon. 

Sodium glucuronate was prepared from barium glucuronate by the use 
of a cation exchange column. 
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Labeled glucurone was prepared from labeled barium glucuronate as 
follows: An aqueous solution of barium glucuronate was passed through a 
cation exchange resin (Nalcite HCR) in the hydrogen form. The effluent 
from the column was collected and taken to dryness in an evacuated degie. 
cator over CaCl: The “glass” which remained was stirred with glacial] 
acetic acid until white crystals of glucurone formed. The acetic acid was 
removed in an evacuated desiccator over NaOH pellets. The glucurone 
was recrystallized five times from boiling glacial acetic acid and collected 
each time by filtration. The final product melted at 172-173°. (Stacey 
(11) reports the melting point as 176—178°.) : 


TaBLeE I 
Data on Labeled Compounds Administered 














a a Labeled compound administered amount to Total c.p.m. to 4 rats | Route 
ad Sodium glucuronate 76 406,000 | Intraperitoneal 
2* a o 112 32,000 | ss 
3 si _ 65 258,000 | “ 
4 - o 76 208,000 | Intravenous 
5 Glucurone 62 | 69,400 | Intraperitoneal 
6 i 63 209 ,000 Intravenous 
7° Glucose 20 1,050,000 Intraperitoneal 
8 Starch 124 | 56,000 ,000 Oral 











* Experiments 1, 2, and 7 have been reported previously (6), but are included here 
for comparison. 


The amounts and the radioactivities of the labeled compounds adminis- 
tered are listed in Table I. 

'  Animals—Four well fed 200 gm. rats were used in each experiment. 
They were each given a suspension containing 150 mg. of a-naphthol by 
stomach tube. 1 hour later the C'*-labeled compound was administered. 
After injection, the site was carefully swabbed to prevent contamination of 
the cage. Aqueous extracts of the swabs were counted, but in no case did 
they contain appreciable radioactivity. Intravenous injections were made 
in the right femoral vein under local anesthesia with lidocaine 2 per cent, 
epinephrine 1:100,000, and, after bleeding had ceased, the skin was closed 
with two stitches. Collections of urine and COs were carried out as de- 
scribed previously (6). 

Isolation of Compounds—Expired COs, trapped in NaOH solutions, was 
precipitated by the addition of a saturated solution of barium chloride. 
The precipitate was collected on a filter, washed with hot water, and dried 
in an oven at 110°. 
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In order to determine the distribution of radioactivity between conju- 
gated and unconjugated glucuronic acid in the urine, the following proce- 
dure was adopted. ‘The urine was adjusted to pH 2.0 by the addition of 1 
x H.SO, and extracted continuously with ether for 6 hours. The ether 
extract was collected at 1.5 hour intervals, the ether was evaporated, the 
residue dissolved in water to a volume of solution of 10 ml., and samples 
were taken for counting. Generally, the first ether extract contained 80 to 
90 per cent of the total radioactivity extracted in 6 hours. By seeding the 
aqueous solution of the residue from this first extract, a-naphthol glucu- 
ronide crystallized in good yield. It was recrystallized from hot water to 
constant specific activity and melting point. 

In order to estimate the amount of radioactivity present as free glucu- 
ronic acid in the aqueous phase of the ether-extracted urine, it was treated 
as follows: The ether was removed by warming under a stream of air, and 
the solution was centrifuged. The residue was washed twice with water, 
and the supernatant fluid and washings were adjusted to a volume of 100 
ml. Samples were removed for counting, and the remaining solution was 
halved. To one half, 300 mg. of non-radioactive carrier sodium glucu- 
ronate (monohydrate) were added, and to the other half, 600 mg. Each 
half was then treated as follows: The solution was passed through a column 
of cation exchange resin (H form) and washed through with water. This 
removed cations which interfered with subsequent glucurone crystalliza- 
tion. Glucuronic acid in the effluent was then absorbed on an anion col- 
umn of Dowex 1 in the acetate form.!. The column was washed with 75 to 
100 ml. of water, followed by about 150 to 200 ml. of 1 N acetic acid. To 
elute the glucuronic acid, 1 N formic acid was used. The eluate was col- 
lected in 25 ml. fractions, and 1 drop from each fraction was tested quali- 
tatively for glucuronic acid by the color test of Maughan, Evelyn, and 
Browne (12). All of the glucuronic acid appeared in the first three or four 
fractions containing formic acid. The solutions containing glucuronic acid 
were pooled, distilled to a small volume at 50°, and taken to dryness in an 
evacuated desiccator over CaCl. and NaOH pellets. The dried residue 
was mixed with glacial acetic acid and taken to dryness twice more in the 
desiccator to cause formation and crystallization of glucurone. The glu- 
curone was purified and identified by conversion to its benzylphenylhy- 
drazone as follows: The glucurone from the half of the urine to which 300 
mg. of carrier sodium glucuronate (monohydrate) had been added (the 
treatment of the other half was identical, except that the amounts of 
reagents used were doubled) was mixed with 116 mg. of sodium acetate 
and dissolved in 1 ml. of water; 330 mg. of recrystallized a-benzyl-a-phenyl- 
hydrazine hydrochloride dissolved in 1.5 ml. of methyl Cellosolve were then 


‘Column 1 inch in diameter, 5 inches long; Dowex 1, 10 per cent cross-linked, 250 
to 500 mesh. 
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added. Water was added to the solution until it was slightly opalescen; 
and the mixture was seeded. The whitish crystals which formed wer 
filtered and washed with 50 per cent aqueous methyl Cellosolve and with 
ether. The benzylphenylhydrazone of glucurone was recrystallized from 
methyl Cellosolve and water and from methanol and water to constant 
specific activity. The melting point was 142-143° (van der Haar (13) 
gives 147°). It should be noted that this method does not permit distine. 
tion between sodium glucuronate and glucurone in the urine. 

Measurement of Radioactivity—Samples were distributed evenly over an 
area of 3.14 sq. cm. on aluminum dishes, dried, and counted with a Geiger. 
Miiller tube with a mica window 2 mg. per sq. em. thick. All counts were 
corrected for background and self-absorption. Specific activities were 
calculated as counts per minute per mg. of carbon in the sample; in the 
cases of a-naphthol glucuronide and the benzylphenylhydrazone of glu- 
curone, only the carbon of the glucuronic acid part was considered. Rela- 
tive specific activities (specific activity of the substance divided by the 
total number of counts per minute administered) were used to compare the 
results of experiments in which different amounts of radioactivity were ad- 
ministered. 


RESULTS AND DISCUSSION 


In Experiments 4 and 8 the total amounts of naphthol glucuronide pres- 
ent in the ether extracts of the urine from four rats were determined by the 
isotope dilution technique with non-radioactive naphthol glucuronide as 
carrier. In Experiment 8 no sodium glucuronate was administered, and 
490 mg. of naphthol glucuronide were excreted by the four rats. In Ex- 
periment 4, the rats received 76 mg. (19 mg. per rat) of radioactive sodium 
glucuronate and excreted a total of 548 mg. of naphthol glucuronide. The 
possibility that more naphthol glucuronide would be formed if more sodium 
‘glucuronate was available for conjugation was tested by another experi- 
ment in which the four rats were given 400 mg. (100 mg. per rat) of non- 
radioactive sodium glucuronate by intravenous injection 1 hour after the 
usual dose of a-naphthol. The amount of naphthol glucuronide excreted 
by the four rats was determined by an isotope dilution procedure involving 
the addition of radioactive naphthol glucuronide and found to be 522 mg. 
Therefore, it was concluded that the three different amounts of exogenous 
sodium glucuronate supplied (0, 19, and 100 mg. per rat) did not signifi- 
cantly affect the amount of naphthol glucuronide excreted, under the con- 
ditions of these experiments. In all three cases about 35 per cent of the 
administered a-naphthol was found in the excreted glucuronide. 

The remainder of the results is summarized in Tables II and III. Each 
entry is the result of an experiment with four rats. The following. points 
should be noted. 
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Comparison of the specific activities of the two samples of benzylphenyl- 
hydrazone of glucurone isolated from the urine (Table II) shows that in 
most of the experiments the sample from the half of the urine to which 300 
mg. of carrier had been added was almost double the other. This indi- 


TaBLp II 


Relative Specific Activities of Carbon of Unconjugated Glucuronate Isolated from Urine 
As Benzylphenylhydrazone of Glucurone 


Specific activity of glucurone C 


5 
bias Labeled compound Total c.p.m. administered a” 
men abele 0 
bale. administered Route 

With 300 mg. added With 600 mg. added 

sodium glucuronate) sodium glucuronate 
3 Sodium glucuronate | Intraperitoneal 323 189 
4 " « Intravenous 100 50 
5 Glucurone Intraperitoneal 186 | 94 
6 - Intravenous . 66 








* The derivative did not form. 








TaBxeE III 
Recoveries of Radioactivity and Relative Incorporations into Naphthol Glucuronide 
| Per cent recovery of radioactivity in 
| : — : 
. Specific activity 
Experi- Labeled Usine of C of naphthol 
ment compound Route _ glucuronide _ 
No. | administered Expired Ex- Isolated ——— Calculated| Total c.p.m. 
| CO: tracted naph- ‘: cod as glucur- | given 
} Total by thol racted | onic acid | 
ether at glucuro- a (minimal (X 10) 
| pH 2.0| nide* | ©” value) 
(1) | (2) (3) (4) (5) (6) (7) (8) (9) | (10) 
5 aed =e se 
1 | Sodium glu- | I. p.ft| Negli-| 99 21 | 2030 
curonate gible 
2 a ” am 97 15 1840 
3 " . " 97 | 13.5 | 4.5 | 83 72 | 1300 
4 | = ” I. v.t Negli-| 96 72 38 20.5 | 18.5 5770 
gible 
5 | Glucurone I. p. 40 44 3 1 38 37 360 
6 ce i. ¥ 34 42 3 1 35 24.5 367 
7 | Glucose I. p. 61 1.2 316 
8 | Starch Oral 53 5 3.5) 3 1.2 0.07 330 








* These figures represent the percentage found in the isolated glucuronide. The 
total activity present as glucuronide must have been greater. For example, in Ex- 
periment 4, it was found by isotope dilution that urinary naphthol glucuronide ac- 
counted for 67 per cent of the administered radioactivity, compared with 38 per cent 
in the isolated glucuronide. 

t Intraperitoneal. 

t Intravenous. 
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cated that the added carrier sodium glucuronate had reached equilibriun 
with the free glucuronic acid in the urine and that the amount of this fre. 
glucuronic acid was small in relation to the amount of carrier added. |p. 
herent variations of counting made it impossible to estimate accurately the 
amount and specific activity of the small amount of glucuronic acid origin. 
ally present by the calculation of Bloch and Anker (14), since an error of 
1 per cent in counting causes a 20 per cent error in the calculated amount, 
It was possible, however, to calculate a satisfactory minimal value for the 
total number of counts per minute present in the urine as free glucuronic 
acid, assuming that the 600 mg. of carrier sodium glucuronate (monohy- 
drate) added represented the total amount of glucuronic acid present, 
This calculation seemed justified, since in most of the experiments the 
result was within 15 per cent of the total number of counts per minute 
found in the aqueous phase of the urine after ether extraction (compare 
Columns 8 and 9, Table III). 

Metabolism of Labeled Compounds to CO.—From Table III, Column 4, it 
is obvious that none of the C“ from injected sodium glucuronate appeared 
in the expired CO». In contrast, 34 to 40 per cent of the label of glucurone 
was recovered as CQ,. This is to be compared with the 50 to 60 per cent 
of the label of glucose or starch found in the CO, and indicates that glu- 
curone can be completely catabolized, whereas sodium glucuronate can- 
not. 

Recovery of Radioactivity in Urine—The label of injected sodium glucu- 
ronate was found almost quantitatively in the urine, compared with only 
42 to 44 per cent of the C™ of injected glucurone. Following the feeding 
of labeled starch, only 5 per cent of the radioactivity appeared in the urine, 
probably reflecting a higher renal threshold for glucose than for glucurone 
or sodium glucuronate. 

Conjugation with a-Naphthol—On the basis of Experiments 1 and 2 
- (previously reported (6)) it had been suggested that as much as 20 per cent 
of the sodium glucuronate injected intraperitoneally was conjugated with 
a-naphthol, forming a glucuronide of high relative specific activity. Intra- 
peritoneal injection of sodium glucuronate was repeated in Experiment 3. 
The amount of isolated glucuronide was lower than usual, but probably 
most of the 13.5 per cent of the dose which was extractable with ether at pH 
2.0 was naphthol glucuronide. The relative specific activity of the glu- 
curonide carbon was of the same order as in Experiments 1 and 2. The 
results of Experiment 4, in which sodium glucuronate was injected intra- 
venously instead of intraperitoneally, show that by this route the incorpora- 
tion of sodium glucuronate into naphthol glucuronide was even more eff- 
cient. By isotope dilution procedures, 67 per cent of the administered 
radioactivity was identified in the urine as naphthol glucuronide. Such a 
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high percentage conjugation provides very strong evidence for the con- 
clusion that sodium glucuronate can be utilized directly for conjugation 
with a-naphthol. 

At most, only 3 per cent of the label of glucurone, injected either intra- 
peritoneally or intravenously, was excreted as naphthol glucuronide. This 
is similar to the amount found in this fraction after glucose or starch ad- 
ministration. The relative specific activities of the naphthol glucuronide 
in the experiments with glucurone were much lower than those observed in 
the experiments with sodium glucuronate and corresponded closely to the 
values obtained with glucose and starch. 

Excretion without Conjugation—Sodium glucuronate which was not con- 
jugated with a-naphthol was excreted unchanged. Following intraperi- 
toneal injection in Experiment 3, at least 72 per cent was found free in the 
urine. This figure is a minimal value, and probably most of the 83 per 
cent of the administered label which was not ether-extractable at pH 2.0 
was in the form of unconjugated glucuronic acid. In the glucurone experi- 
ments at least 24 to 37 per cent of the administered C was identified as 
unconjugated glucuronic acid, in contrast to the experiment with starch, 
in which only 0.07 per cent was in this fraction. 

These results with glucurone in the rat agree very well with those ob- 
tained by Douglas and King in the guinea pig (7, 8) and the rat (8). The 
lack of agreement between their results with glucurone and ours with 
sodium glucuronate is now understandable, since the two compounds have 
widely different metabolic fates and do not equilibrate rapidly in vivo. 
Glucurone is apparently metabolized in a manner similar to glucose. 
Sodium glucuronate, on the other hand, is not appreciably metabolized and 
is excreted either unchanged or conjugated as a glucuronide. 

It is hoped that in future the necessary distinction will be made between 
the two compounds and that discrepancies caused by previous failures to 
do so will be resolved. 


SUMMARY 


The fate of labeled sodium glucuronate and glucurone, injected into rats 
given a-naphthol, has been studied. None of the injected sodium glu- 
curonate was metabolized to CO». It was almost quantitatively excreted 
in the urine, either free or conjugated as naphthol glucuronide. Intra- 
venous injection resulted in about 4 times the conjugation found after 
intraperitoneal injection. 

Glucurone, by either intraperitoneal or intravenous injection, was very 
similar to glucose in the amount of radioactivity appearing in expired CO; 
and in naphthol glucuronide, but differed markedly from sodium glucu- 
ronate in these two respects. 
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It has been concluded that glucurone and sodium glucuronate do not 
equilibrate rapidly in vivo. 


The authors wish to express their gratitude to Dr. A. L. Elder of the Com 
Products Refining Company for generous gifts of sodium glucuronate and 
glucurone. They are also indebted to the National Research Couneil of 
Canada for financial support of this work. 
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A SPECTROPHOTOMETRIC METHOD FOR THE 
DETERMINATION OF CHOLINE 
DEHYDROGENASE* 


By HERBERT J. EICHEL 


(From the William Goldman Isotope Laboratory, Division of Biological Chemistry, 
Hahnemann Medical College, Philadelphia, Pennsylvania) 


(Received for publication, October 7, 1953) 


The increased oxygen uptake of liver suspensions on the addition of 
acetylcholine, which was reported by Bernheim and Bernheim in 1933 (2), 
was shown by Mann and Quastel (3) to be due to the oxidation of choline. 
Betaine aldehyde was identified as the oxidation product (3). The choline 
oxidase (CO) system was found by Mann, Woodward, and Quastel (4) to 
consist partly of a typical dehydrogenase. They demonstrated that, in the 
presence of choline, rat liver extracts reduced sodium ferricyanide anaero- 
bically and cytochrome c aerobically and concluded that the CO system 
consisted of choline dehydrogenase (CD), cytochrome c, and cytochrome 
oxidase. During the course of developing the procedure presented in this 
paper, it was found (1) that the antimycin-sensitive factor of the suc- 
cinoxidase and diphosphopyridine nucleotide (DPN) cytochrome c reduc- 
tase systems (5, 6) was involved in the oxidation of choline by rat liver 
and kidney. This was confirmed by Ebisuzaki and Williams in a subse- 
quent report (7). Evidence was also obtained (1) implicating the Slater 
factor (8), believed to be a component of the succinoxidase system required 
for the transmission of electrons between cytochrome b and cytochrome c, 
in the CO system. Since both BAL and antimycin inhibit CO, and since 
the inhibition is reversed by artificial carriers such as methylene blue and 
brilliant cresyl blue,' it is possible that the two compounds are acting on 
the same substance, although this has yet to be proved. It should be 
noted, as pointed out by Edelhoch et al. (9), that the lack of effect of anti- 
mycin on a soluble DPN cytochrome c reductase (9) may indicate that the 
antibiotic acts on some site in particulate preparations which affects reduc- 
tase activity and not on the reductase protein per se. While no other 
component of the CO system has been unequivocally identified, riboflavin 
(10, 11) in the form of flavin-adenine dinucleotide (7), DPN (12-14), folic 
acid, Leuconostoc cilrovorum factor, vitamin By, and ascorbic acid (15-18) 
have all been shown to enhance the activity of liver CO. A soluble CD 


* A preliminary report of this work has appeared (1). 
1 Eichel, H. J., unpublished data. 
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has been prepared recently by extraction of liver mitochondria with sodiun 
choleate (19). 

Several methods have been employed for the study of choline oxidation 
in animal tissues. One of these depends upon the use of ferricyanide ag q 
hydrogen acceptor (4). The reaction is followed by measuring the carbon 
dioxide displaced from a bicarbonate medium under anaerobic conditions, 
Bargoni and DiBella (20) used the Thunberg technique with methylene 
blue as a hydrogen acceptor in their investigation of the effects of various 
agents on CD. More recently, Williams, Litwack, and Elvehjem (21) 
described a manometric assay for CO based on following oxygen consump. 
tion. Preparatory to initiating a program aimed at the isolation and 
purification of CD, it was felt that a spectrophotometric procedure for 
assay of the enzyme would have several advantages over the manometric 
method generally employed; it would eliminate from the test system at 
least one enzyme, namely cytochrome oxidase, require far less protein, and 
save time during the course of routine assays of many enzyme samples, 
In addition, investigation of the effect of activators or inhibitors on CD can 
be studied under less complicated conditions but in the presence of a 
physiological electron carrier. This paper presents a spectrophotometric 
method for the determination of CD activity in homogenates of liver and 
kidney, as well as some observations on the properties of the enzyme. 


Methods and Materials 


Enzyme Source—Male Wistar rats, weighing from 150 to 300 gm. and 
maintained on a diet of fox chow, were used in this study. Livers and 
kidneys were homogenized with a ground glass homogenizer in cold 0.039 
M NasHPO,.-KH2PO, buffer, pH 6.8. 

Assay of Choline Dehydrogenase and Calculations—The rate of reduction 
of cytochrome c was followed in a Beckman spectrophotometer (model DU) 

_at 550 my with a slit width of 0.025 mm. The instrument was fitted with 
a block in which water circulated from a constant temperature bath main- 
tained at 25° + 0.05°. All reactants, except the homogenates which were 
immersed in ice, were kept at 25° in the water bath. Zero time was taken 
as the time of inversion of the covered cuvette immediately after the addi- 
tion of cytochrome c. Subsequent time values were taken at densities 
0.010 to 0.025 above the initial one, until at least 2} minutes had elapsed 
or the oxidized cytochrome c had become nearly reduced. At the end of 
this time a few grains of Na2S.0, were added and the extinction determined 
to give the fully reduced value. The concentration of oxidized cytochrome 
c present at any time was calculated from the equation 


(Di = De) , 


Ferricytochrome c] = 
[ y ] EE, 
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where D,, was the density at infinite time (the fully reduced value), D, was 
the reading at any time ¢ during the course of the reaction, Ey and E, the 
molar extinction coefficients for oxidized and reduced cytochrome c at 550 
mu (22), and / the length of the cell in cm. If the [ferricytochrome c] was 
plotted against time for a series of six or more readings, a straight line was 
obtained. The & value (reaction rate constant) was calculated directly 
from the slope of the line and was expressed as micromoles of cytochrome c 
reduced per minute. The specific activity was obtained by dividing the 
k value by the mg. of total nitrogen in the homogenate. 

Beef cytochrome c, obtained from Wyeth, Incorporated, was generally 
found to be over 90 per cent pure as determined from its extinction coeffi- 
cient at 550 my (22). It was assumed to have a molecular weight of 12,350 
(23). DPN (90 per cent pure) was purchased from the Sigma Chemical 
Company. Choline chloride and nicotinamide were obtained commer- 
cially. 

Nitrogen determinations were performed by a micro-Kjeldahl procedure 
and manometric measurements of CO activity were carried out by the 
method of Williams et al. (21). 


RESULTS AND DISCUSSION 


The details of the procedure finally adopted will be presented first and 
the éffect of varying the concentrations of each of the components, with 
liver homogenates, will follow. 

Final Assay System—For optimal CD activity, the following reactants 
were added to the cuvette, in the following order: 0.1 ml. of 0.72 m choline 
chloride, a suitable amount of homogenate (usually 0.1 ml. of a 1:24 dilu- 
tion), 0.1 ml. of 0.03 m NaCN, 1.0 ml. of 0.2 m Na2HPO.-KH-PO, buffer, 
pH 6.8, distilled water to make a volume of 3.0 ml., and 2.7 X 107° m 
cytochrome c. The blank contained distilled water. A control contain- 
ing all the components except choline was necessary, since at the dilutions 
used both liver and kidney homogenates were capable of reducing cyto- 
chrome c in the absence of added substrate. This endogenous reduction 
of cytochrome c was always subtracted from the activity obtained in the 
presence of choline. 

Concentration of Tissue—Fig. 1, a shows the rate of reduction of cyto- 
chrome c by varying amounts of liver homogenate in the complete system 
described above. It can be seen that the reaction proceeded linearly for 
several minutes. Fig. 1, b indicates that the activity was directly pro- 
portional to the concentration of tissue. Samples of kidney homogenates 
gave similar results. 

Substrate Concentration—The effect of varying concentrations of choline 
chloride on CD activity is shown in Fig. 2. With 0.1 ml. of a 1:24 liver 
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homogenate, there was little change in activity over the range 7.2 to 72 
um of choline. An increase in the substrate concentration markedly jp. 
hibited the enzyme; this is in agreement with data reported previously for 
the manometric determination of CO (21). 

Cytochrome c Concentration—The following data indicate that in the fina] 
assay system the reaction is zero order with respect to the concentration of 
cytochrome c. At 0.68, 1.4, 2.7, and 5.4 X 10-5 m cytochrome c, the | 
values were 0.84, 0.93, 0.99, and 1.02 X 10-°, respectively... 
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Fig. 1. Choline dehydrogenase activity of rat liver homogenate. a, reduction of 
cytochrome c by 0.05 (@), 0.1 (O), and 0.2 (A) ml. of homogenate as a function of 
time; b, activity as a function of tissue concentration. The homogenate dilution 
was 1:24. For the components of the reaction mixture, see the text. 
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Phosphate Buffer—At pH 7.4 in the presence of choline, the reaction rate 
‘was essentially independent of the concentration of NasHPO,-KH:P0, 
buffer from 0.0033 to 0.067 m. Since the reduction of cytochrome c by 
liver and kidney in the absence of added choline was routinely subtracted 
from the activity obtained in the presence of added choline, the effect of 
phosphate concentration was studied on the endogenous activity. The 
latter was found to be markedly dependent on the concentration of phos- 
phate buffer. Activity was optimal from 0.013 to 0.025 m and decreased 
significantly with increasing phosphate concentrations. For six different 
liver homogenates, the activity at 0.013 m phosphate was 114 per cent 
higher than that obtained at 0.067 m phosphate. Hence, all enzyme assays 
were performed at a final phosphate concentration of 0.067 mM. The mean 
k value for liver in the absence of choline was 0.12 & 10- (0.06 to 0.17), 
while for kidney this value was 0.09 & 10~ (0.06 to 0.15). 
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Effect of pH—In this study, attention was focused on pH 6.8, 7.4, and 
7.8, since Bernheim and Bernheim (24) had shown that at pH 6.7 choline 
is oxidized to betaine aldehyde and at pH 7.8 to betaine. Williams et al. 
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Fic. 2. The effect of substrate concentration on the activity of liver choline de- 
hydrogenase. In every case the final reaction volume was 3 ml. 
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Fic. 3. The effect of pH on the activity of liver choline dehydrogenase. For 
each determination, a value of 100 per cent was assigned to the pH at which maximal 
activity was obtained, and the activities at other pH values were reported as per- 
centages of the maximum (ordinate). Each point on the curve is the average choline 
dehydrogenase activity obtained in this manner with duplicate determinations on a 
series of different homogenates, the numbers on the curve representing the number 

of determinations made on different homogenates. 
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(21) recently reported that there was no significant difference in CO ac- 
tivity when the enzyme was studied manometrically at pH 6.8, 7.3, and 
7.8. In Fig. 3 it can be seen that the optimal pH for CD activity occurred 
at 6.8. The activity was diminished by almost 50 per cent at pH 7.8; at 
pH 6.15, it was still 80 per cent of the maximum. When CO was assayed 
manometrically in the presence of 0.013 m or 0.067 m phosphate buffer it 
was found that for the first 10 minute period following equilibration the 
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activity at pH 7.8 was only 60 to 70 per cent of that at pH 6.8. This 
result is in agreement with the spectrophotometric data presented above 
At 0.067 m phosphate in the absence of added choline, it was observed that 
the rate of reduction of cytochrome c increased as the pH was increased 
from 6.8 to 7.8. 

Effect of DPN and Nicotinamide—Although it has been recently stated 
that CD is a DPN-linked enzyme (14), no consistent effect of DPN on CD 
activity could be demonstrated either in the presence or absence of nico. 
tinamide at pH 6.95, 7.4, or 7.8. Nicotinamide alone has been reported 
to inhibit the rat liver CO system strongly (21), while Colter and Quaste| 
(25) observed a negligible reduction of rat liver CO in the presence of 74 
uM Of nicotinamide. Doctor et al. (26) found that 143 uM of this substance 
had no effect on chick liver CO. Table I summarizes the effect of nico. 


TaBLeE I[ 
Effect of Nicotinamide on Choline Dehydrogenase Activity of Rat Liver Homogena 
Each value is the average of three separate experiments. 











Nicotinamide | Inhibition 
uM per cent 
24.6 0 
32.8 5 
49.2 9 
82.0 15 

131.2 17 





tinamide on the CD activity of rat liver. The data indicate that the en- 
zyme is somewhat inhibited at relatively high concentrations of nicotin- 
amide. 

Normal Values—CD activities of homogenates prepared from the livers 
- and kidneys of normal animals are presented in Table II. For comparable 
animals, the activity of kidney was more constant than that of liver. It is 
of interest to compare quantitatively the CD values obtained spectro- 
photometrically with the CO activities measured manometrically, although 
it is realized that our knowledge of the various factors involved in each of 
the tests is still incomplete; 7.e., the question of the catalytic activity of 
endogenous cytochrome c versus exogenous cytochrome c, the possibility of 
dilution effects on different components, etc. Since the oxygen consump- 
tion observed in the manometric assay for CO is presumably the end-result 
of electron transfer via cytochrome c, and since cytochrome oxidase is 
probably present in wide excess over the dehydrogenase in both tissues, it 
holds that the rate of reduction of cytochrome c should limit the rate of 
oxygen uptake. Hence, the activity of the CO system as measured by the 
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Warburg technique should be comparable to that of the CD system deter- 
mined spectrophotometrically, provided that (a) the same enzyme or en- 
zyme complex is measured by the two methods and (b) optimal considera- 
tions for substrate concentration, pH, etc., have been met in each case. 
Calculation of the activity of kidney CO required to reoxidize cytochrome 
cat the same rate that it was reduced by kidney CD (1 mole of oxygen 
being equivalent to 4 moles of reduced cytochrome c) yields a Qo, (N) 
(c.mm. of oxygen consumed per mg. of N per hour) of 38.8. This figure is 
in good agreement with the experimentally determined Qo, (N) of 45.5 
(see Table III) for kidney CO. In the case of liver, however, the observed 
reduction of cytochrome c by CD occurs at less than half the rate at which 
the liver CO system was found to consume oxygen. While the Qo, (N) 
for liver CO required to keep pace with liver CD was calculated to be 23.2, 


TaBie II 
Choline Dehydrogenase Activity of Rat Liver and Kidney Homogenates 


The values represent the average and standard deviation and have been corrected 
for the reduction of cytochrome c by homogenate in the absence of added choline. 





Tissue No. of rats | k X 107°" | Specific activityt 

Liver 23 0.82 + 0.25 0.075 + 0.020 
(0.63 — 1.26) | (0.048 — 0.113) 

Kidney 13 1.19 + 0.18 | 0.105 + 0.018 
(0.90 — — 0.134) 


1.44) | (0.073 
* Micromoles of cytochrome c reduced per minute. 
+ Micromoles of cytochrome c reduced per minute per mg. of nitrogen. 


the experimentally measured value was 52.2 (Table III). Accordingly, 
several efforts were made to enhance the activity of liver dehydrogenase. 
It has been reported that succinic dehydrogenase activity can be increased 
by homogenizing in the presence of succinate (27). However, no increase 
in CD activity was observed after homogenizing with choline. The pos- 
sibility was considered that betaine aldehyde, produced by the dehydro- 
genation of choline, was reacting with the sodium cyanide and preventing 
the complete inhibition of cytochrome oxidase. A 10-fold increase in the 
final concentration of cyanide (0.01 m) had little effect on the reaction 
rate. 

It should be noted that in several cases the CD activity of liver ho- 
mogenates approached the theoretical value calculated on the basis of 
manometric data. These results, and the large number of values presented 
in Table IT, may possibly be explained by the fact that one of the cofactors 
of the CD system may be stored to different degrees in the livers of differ- 
ent animals. If the level of this factor should be reduced to a point where 
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it becomes rate-limiting at the 1:720 tissue dilution employed in the cy. 
vette, the CD value would be lowered accordingly. This problem is now 
under investigation. 

Effect of Temperature on CO—In the course of determining CO activity 
in liver and kidney homogenates under various experimental conditions, 
it was observed that at 35° the activity of the liver enzyme was almost 
twice that of kidney. Bernheim and Bernheim (24), Kensler et al. (28), 
and Richert and Westerfeld (29) also reported this ratio at 37°. However 
at 25° under the conditions used in this laboratory, liver CO activity was 
only slightly greater than that of kidney. Table III lists the activities of 
liver and kidney CO at 25° and 35°. Since assays were not performed in 
every instance on the same tissue sample at the two temperatures, this js 


TaBLe III 
Choline Oxidase Activity of Rat Liver and Kidney Homogenates at 25° and 35° 
The values represent the average and range. 








| 
Tissue — No. of rats ets char a ag Qoz (N) Ratio 5, 
| 
<=. ul. | pl. Oz Qos (N) 
Liver 35 | 69 70.3 88.3 1.74 | 1.69 
| | (52-96) (64.6-114.1) 
25 10 | 40.5 52.2 
| | (35-54) (41.8- 63.7) 
Kidney | 35 15 | 37.0 51.8 1.21 1.14 
(29-50) (41.6 65.8) 
25 wert 30.5 45.5 
| (21-38) (37.0- 56.7) 


not to be considered a study of the temperature coefficients of liver and 
kidney CO. However, from the ratios of activity at the two temperatures, 
it would appear that the Qi of the liver enzyme is markedly higher than 
that of kidney. This relationship is constant whether the activity is ex- 
pressed on a wet weight or N basis. It is to be noted that Doctor et al. 
(26) and Dinning et al. (30) found little difference between the activities of 
chick liver and kidney CO at 37°. 


SUMMARY 


A spectrophotometric method is presented for the assay of choline de- 
hydrogenase activity in homogenates of rat liver and kidney. The method 
depends upon measurement of the rate of reduction of cytochrome ¢. 
Optimal activity is obtained at pH 6.8 and at a final phosphate concentra- 
tion of 0.067 m. The addition of DPN had no effect on the reaction rate 
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while nicotinamide inhibited the reduction of cytochrome ¢ slightly. Data 
are given for the content of the enzyme in rat liver and kidney and are 
discussed in comparison with choline oxidase values of the two tissues ob- 
tained by manometric measurement. Liver choline oxidase appears to 
have a higher temperature coefficient than that of kidney over the range 
25-35°. 


Addendum—After the completion of this investigation, Williams and Sreenivasan 
(19) reported a spectrophotometric method for the determination of choline de- 
hydrogenase which by-passes the cytochrome system by using 2,6-dichlorophenol 
indophenol as a hydrogen acceptor. 
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KYNURENINE FORMAMIDASE FROM NEUROSPORA* 


By WILLIAM B. JAKOBYt 


(From the Department of Microbiology, Yale University, New Haven, Connecticut) 
(Received for publication, October 23, 1953) 


The work carried out during the past decade on the intermediates in- 
volved in the biosynthesis of nicotinic acid from tryptophan has suggested 
that the formation of the vitamin occurs through essentially similar inter- 
mediates in the rat and in Neurospora (cf. (1, 2)). The finding that N’- 
formylkynurenine is an intermediate in the formation of kynurenine in the 
rat (3, 4) led Yanofsky (5) to investigate the growth-promoting activity of 
formylkynurenine for certain nicotinic acid-requiring Neurospora mutants. 
Although formylkynurenine could replace nicotinic acid for the Neurospora 
mutants, these findings were not regarded as establishing the former com- 
pound as an intermediate, since alternative possibilities could account for 
the results (5). 

An enzyme similar to that found in mammalian liver (4), acting on 
formylkynurenine, has now been obtained from Neurospora. This enzyme 
has been referred to as formylase by Mehler and Knox (4). The name 
kynurenine formamidase, suggested here, would appear more appropriate. 
The presence of this enzyme in Neurospora mycelium lends support to the 
view that formylkynurenine may be an intermediate in nicotinic acid 
synthesis for this microorganism. 

The partial purification and the properties of kynurenine formamidase 
are reported here. 


Materials 


N’-Formyl-t-kynurenine was prepared by the method of Dalgliesh (6). 
Although spectroscopically pure formylkynurenine was obtained on one 
occasion, succeeding preparations yielded material of variable composition. 
The material used here contained 50 per cent formylkynurenine with 
kynurenine as the major contaminant. Formylkynurenine was determined 
by allowing the kynurenine formamidase reaction to proceed to completion. 

Formylanthranilic acid was prepared by the method described by von 


* Work reported in this paper was supported in part by the Atomic Energy Com- 
mission (contract No. AT (30-1)-1017). 

t Predoctoral Fellow of the National Institutes of Health. This material is 
taken in part from a dissertation presented to the faculty of the Graduate School of 
Yale University in partial fulfilment of the requirements for the degree of Doctor of 
Philosophy. Present address, Department of Pharmacology, New York University 
College of Medicine, New York. 
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Meyer and Bellman (7). Formyl-m-aminobenzoic acid, formyl-o-amino. ; 
nitrobenzene, formyl-o-aminotoluene, formylglycine, formyl-L-aspartie ast 
acid, and formyl-L-glutamic acid were gifts from Dr. A. H. Mehler of the - | : 
National Institutes of Health. Formyl-o-aminoacetophenone was a gift of porta 
Dr. W. E. Knox of Tufts College Medical School. a 
Methods veste 
ii ea previ 
Formylanthranilic acid was chosen as the substrate for the standard WI 
assay of kynurenine formamidase activity. The assay was conducted . 
spectrophotometrically in a manner similar to that used by Mehler and _ 
Knox (4). 
The constituents of the incubation mixture (300 um phosphate buffer at 
pH 7.5, the enzyme preparation) and 20 um of formylanthranilic acid were 
diluted to a volume of 3 ml. in a cuvette. A second cuvette contained all 
of the constituents with the exception of the substrate and served as a 
control. Enzyme activity was measured as the increase in optical density 
due to the formation of anthranilic acid. A change of 0.15 in optical den- 
sity at 330 my is equal to the formation of 100 mum of product per ml. 
Readings were taken at 1 minute intervals for 20 minutes. Under the 
conditions of assay, activity is proportional to enzyme concentration (Fig. 
1,A). From Fig. 1, B it is apparent that enzyme action is a linear function 
of time. 
A unit of kynurenine formamidase activity is defined as that quantity 
of enzyme forming 1 myo of anthranilic acid from formylanthranilic acid 
in 10 minutes under the conditions outlined above. The specific activity 
is equal to the number of units of activity per mg. of protein. Protein 
was determined by the method of Lowry et al. (8) with serum albumin Fi 
(Armour) as the standard. _— 
An alternative assay procedure was employed in which sodium bisulfite 5 om 
was used to stop the reaction. Incubation was carried out in a water salt 
bath at 30°, and the reaction was inhibited immediately and completely by re 
3 X 10-*m sodium bisulfite. Inthis case, both the control and the incuba- jad 
tion mixture contained substrate. The reaction in the control tube was Gee 
stopped at zero time by the addition of 0.1 ml. of 0.01 m sodium bisulfite. | A 
After a 10 mintue incubation period, an equal amount of inhibitor was iia 
added to the reaction mixture and the difference in optical density (at 330 N 
my) between the two tubes was determined. This method, although not wee 
so sensitive as the other, has the advantage of permitting the incubation wes 
of several samples at one time. AQ 
To determine the extent of hydrolysis of formylglycine, formylaspartic ee 
acid, and formylglutamic acid, incubation was stopped with bisulfite, ali- sup 
quots of the reaction mixture were chromatographed, and the chromato- hvd 
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grams were examined for free amino acid. Butanol-acetic acid was used 
as the developing agent. After drying, the sheets were sprayed with a 
ninhydrin solution (0.2 per cent in butanol) for the determination of free 
amino acid. 

Purification—Mycelium of Neurospora crassa (strain 5256A) was har- 
vested and extracted with 0.1 m-phosphate buffer at pH 8.1 in the manner 
previously described (9). 

When attempts were made to fractionate the crude extract with ammo- 
nium sulfate, kynurenine formylase was salted-out over a large range of 
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Fic. 1. A, effect of increasing enzyme concentration on the extent of the ky- 
nurenine formamidase reaction during 10 minutes of incubation. B, time-course of 
kynurenine formamidase action. 


salt concentrations. Treatment with Norit and protamine proved effica- 
cious in removing the bulk of the nucleic acid originally present (Table I) 
and allowed the precipitation of the enzyme in good yield within a rela- 
tively small increment of ammonium sulfate. 

All the steps were conducted in an ice bath with stirring. Centrifuga- 
tions were conducted at approximately 3° and 20,000 X g. 

Norit and Protamine Treatment—The pH of 160 ml. of a crude extract 
was adjusted to 6.5 with 9 ml. of normal acetic acid, and 800 mg. of Norit 
were added. After 5 minutes of stirring, the suspension was centrifuged. 
A 2 per cent solution of protamine sulfate (16 ml.) was added to the super- 
natant solution. The precipitate was removed by centrifugation and the 
supernatant solution was adjusted to pH 7.1 with 6 ml. of normal sodium 
hydroxide. 
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First Ammonium Sulfate Precipitation—Powdered ammonium sulfate 
was added to the solution obtained from the previous step to 37 per cent 
of saturation and the precipitate was discarded. The supernatant solution 
was brought to 52 per cent of saturation and the resulting precipitate was 
dissolved in 40 ml. of 0.05 m phosphate buffer at pH 6.5. 

Calcium Phosphate Treatment—To 40 ml. of the enzyme solution were 
added 8 ml. of a calcium phosphate suspension (34 mg. dry weight per 
ml.) prepared by the method of Kunitz (11). After 10 minutes, the gel 
was removed by centrifugation and the procedure repeated with another 
8 ml. portion of calcium phosphate. 

Second Ammonium Sulfate Precipitation—The supernatant solution from 
the previous step was brought to 40 per cent of saturation with powdered 


TABLE I 
Summary of Typical Fractionation 


| | 


| Units of | 








Specific | 








Fraction Volume | Protein | activity | activity ey 
ol. | — _ ¥ e 

Original extract.................... | 160 2910 | 96,000 33 4.4 
eorst treatmoent....................) B® 2190 | 92,400 42 3.9 
Protamine treatment.......... = 173 | 1300 82,800 63 | <0.3 
Ist salt precipitation............... 40 250 | 52,800 210 
Oe eee 52 139 | 48,000 | 345 
2nd salt precipitation. ............. 12 72 | 39,300 546 





* Determined by S. Suskind by the method of Schneider (10). The results are 
expressed as mg. per ml. with yeast nucleic acid (Schwarz Laboratories, Inc.) as 
the standard. 


ammonium sulfate. After the removal of a precipitate, the salt concen- 
- tration was raised to 55 per cent of saturation, and after centrifugation the 
precipitate was dissolved in 12 ml. of 0.1 m phosphate buffer at pH 7.5. 

A summary of the fractionation procedure with the results of a typical 
run is presented in Table I. This method of purification increases the 
purity between 15- and 20-fold with a recovery of approximately 40 per 
cent of the enzyme. At this stage the preparation does not contain kynu- 
reninase (9) or kynurenine transaminase.! 

Properties—Kynurenine formamidase has a broad pH optimum (pH 7.3 
to 7.8), as determined in 0.1 m phosphate buffer (Fig. 2). The enzyme is 
inactivated to the extent of 30 per cent after heating at 56° for 2 minutes. 

Specificity—Partially purified kynurenine formamidase of Neurospora is 
active in the hydrolysis of several aromatic formamino compounds, as 
shown in Table II. The enzyme has a relatively high affinity for N’- 


1 Manuscript in preparation. 
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formyl-L-kynurenine. Formyl-o-aminonitrobenzene and formylanthranilic 
acid have a much lower affinity, as shown by a 20- to 30-fold difference in 
the Michaelis constants for these substrates. Formyl-m-aminobenzoic 
acid has an even poorer affinity for the enzyme. The action of kynurenine 
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Fic. 2. Effect of pH on enzyme activity in 0.1 m phosphate buffer 


TaBLeE II 
Specificity of Kynurenine Formamidase from Neurospora 





Assay conditions 


Substrate —~|Km,* Mm X | Relative maximal 


10-¢ velocit; 

es 100 y 
N'-Formy]-u-kynurenine............... 400 0.063 ae 100 
Formylanthranilic acid. ............... 330¢ | 0.150¢ | 33 24 
Formyl-o-aminoacetophenone.......... 370 0.105 s is 
Formyl-o-aminonitrobenzene........... 490¢ | 0.0707 25 13 
Formyl-m-aminobenzoic acid........... 320T 0.054f 77 3.5 
Formyl-o-aminotoluene................ 295t | 0.040t 1.0 (ca.) 
Acetylanthranilic acid................. 330t 0.150 0.1 (ca.) 


* Obtained from a Lineweaver-Burk (12) plot of the data. 
t These values were the same as those used by Mehler and Knox (4). 


formamidase on formyl-o-aminotoluene and on acetylanthranilic acid was 
so slow as to preclude the determination of Michaelis constants, and the 
relative maximal velocities listed for these compounds are, at best, approxi- 
mations. To obtain some indication of their affinity for the enzyme, the 
two compounds were used as inhibitors in the standard reaction involving 
formylanthranilic acid as substrate. Formyl-o-aminotoluene (6.7 X 10° 
M) and acetylanthranilic acid (6.7 X 10-* m) were inhibitory to the extent 
of 45 per cent and 15 per cent, respectively. 
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Formyl-t-glutamic acid, formylglycine, and formyl-L-aspartic acid did 
not serve as substrates, nor were any of these aliphatic compounds actiye 


(at a concentration of 6.7 X 10-* m) as inhibitors of kynurenine formani- | 


dase action when formylanthranilic acid served as substrate. Formy|-t- 
glutamic acid was, however, hydrolyzed by crude Neurospora extracts, 


A comparison of the relative maximal velocities found for Neurospora 


kynurenine formamidase with the “relative rates” found for the rat liver 
enzyme (4) shows that the two enzymes have very similar specificities, 
Inhibitors—In contrast to the results obtained with rat liver prepara- 
tions (3), anthranilic acid in the quantities tested did not inhibit the reae- 
tion (Table III). Kynurenine also was inactive. Higher concentrations 


TABLE IIT 


Inhibition of Kynurenine Formamidase 


Inhibitor Substrate,® mu X 10-*| Inhibitor, m < 10-4 | Per cent inhibition 








Anthranilic acid................ 6.7 2 0 
er eee 1* 4 0 
Hydroxylamine............... 6.7 20 0 
” yee er - 6.7 50 4 
Bodum cyanide............... 6.7 50 31 
Fe nas bisa oe 6.7 0.5 27 

«“ _ i ee 1.67 0.5 48 

” ao ree 0.67 0.5 71 

‘ pM SS Cee re feet 6.7 3.4 92 

‘ ' 6.7 40 100 





* Kynurenine was examined with formylkynurenine as substrate. Formylan- 
thranilic acid was used as substrate for each of the other inhibitors. 


of these compounds could not be tested because of their high absorptions 
under the assay conditions. High concentrations of formate and acetate 
(1 X 10-* m) did not inhibit. 

At the concentrations examined Ca, Mg, NaF’, or Versene (2 X 10-* m) 
and Zn, Ba, Mn, or iodoacetate (1 X 10-* M) were not inhibitory, nor did 
they activate the reaction. p-Chloromercuribenzoic acid (6 < 10-4 m) did 
not inhibit. 

As kynureninase was present in the early stages of enzyme purification, 
thereby interfering with the assay, it became desirable to obtain a com- 
pound which would inhibit kynureninase without affecting the action of 
kynurenine formamidase. As hydroxylamine has been found to be an 
effective inhibitor of Neurospora kynureninase at a concentration of 1 X 
10-* m (9), its action on kynurenine formamidase was tested. As is shown 
in Table III, 2 x 10-* m hydroxylamine has no effect on the activity of 
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the enzyme and could, therefore, be used to inhibit kynureninase. At 
somewhat higher concentrations, however, hydroxylamine proved inhibi- 
tory to kynurenine formamidase. Other carbonyl group reagents were 
also investigated, with the finding that cyanide and bisulfite were also 
inhibitory. It will be seen (Table III) that bisulfite inhibition is of a com- 
petitive nature, and it is presumed that the inhibition by this compound 
is due to its attachment to the carbonyl group of the formyl moiety. 


SUMMARY 


Extracts of Neurospora crassa contain an enzyme which hydrolyzes 
N'-formyl-L-kynurenine with the formation of kynurenine. The partially 
purified enzyme also hydrolyzes several aromatic formylamines, including 
formylanthranilic acid, formyl-o-aminonitrobenzene, and formyl-m-amino- 
benzoic acid. Formyl-o-aminotoluene and acetylanthranilic acid have an 
affinity for the enzyme, as shown by inhibition experiments, but their rate 
of hydrolysis is too slow to be measured with any accuracy. Although 
formyl-t-glutamic acid is hydrolyzed by crude extracts of Neurospora, this 
compound, formyl-L-aspartic acid, and formylglycine are inactive as sub- 
strates or inhibitors of the purified enzyme. 

The presence in Neurospora of an enzyme which can convert formy]- 
kynurenine to kynurenine lends support to the view that formylkynurenine 
js an intermediate in nicotinic acid formation in this organism. 


The author is greatly indebted to Dr. David M. Bonner for his guidance 
throughout the course of this investigation. 
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THE INVESTIGATION OF A CHOLESTEROL ESTERASE 
IN RAT LIVER* 


By MICHAEL C. SCHOTZ, LESLIE I. RICE, anp ROSLYN B. ALFIN-SLATER 


(From the Department of Biochemistry and Nutrition, School of Medicine, 
University of Southern California, Los Angeles, California) 


(Received for publication, September 1, 1953) 


It has been shown that cholesterol is esterified during its absorption 
from the gastrointestinal tract (1) and that further esterification can occur 
in blood serum incubated in vitro (2, 3). However, a system capable of 
rapidly hydrolyzing cholesterol esters has not been demonstrated. Al- 
though it has been shown that an equilibrium exists between plasma and 
liver cholesterol (4), the percentage of unesterified cholesterol present in 
the liver is considerably greater than that found in the plasma. This 
fact, together with the substantial evidence for the importance of the liver 
in the synthesis (5, 6), destruction (7), and deposition (8-10) of cholesterol, 
focused attention on the liver as a logical site in which to search for a 
mechanism for the hydrolysis of cholesterol esters. Several attempts to 
demonstrate such a system in isolated liver tissue have been reported 
(11-15), but in all of these experiments the incubation periods ranged from 
15 to 72 hours, and, with the exception of Klein’s report (12) of 70 per cent 
hydrolysis of serum cholesterol esters by beef liver, only small amounts of 
ester hydrolysis were observed. 

Recently McGugan and Laughland (16) reported the discovery in rat 
liver homogenates of an enzyme which rapidly split vitamin A acetate to 
the aleohol at pH 8.5, and Ganguly and Deuel (17) subsequently showed 
that this enzyme was located exclusively in the microsomal fraction of the 
liver cell. By techniques similar to those of McGugan and Laughland it 
has been shown that there is an enzyme present in rat liver homogenates 
which is capable of rapidly hydrolyzing cholesterol acetate. By means of 
differential centrifugation (18) the esterase activity has been shown to be 
associated with the microsomal fraction of the cell. 


* Supported by a research grant from the National Heart Institute of the National 
Institutes of Health, United States Public Health Service. Contribution No. 350 
from the Department of Biochemistry and Nutrition. 

This is Paper III of a series entitled, ‘‘Cholesterol distribution and metabolism 
as studied by differential centrifugation.” 


The authors are indebted to the Allan Hancock Foundation for the use of its 
facilities, 
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EXPERIMENTAL 


Determination of Cholesterol Acetate-Splitting Activity of Rat Liver Ho. 
mogenates—Female, albino rats of the University of Southern Californig 
strain, weighing 200 to 250 gm., were sacrificed by cervical fracture. The 


TABLE I 
Hydrolysis of Cholesterol Acetate by Rat Liver Homogenates 

Each 50 ml. incubation flask contained the ingredients listed below, brought to 
a volume of 12 ml. with Veronal-acetate buffer (19), pH 8.5. Incubations were car- 
ried out in duplicate at 36° in an atmosphere of air for 3 hours. The reaction was 
terminated by the addition of 5 ml. of 95 per cent ethanol; for control samples eth- 
anol was added before the addition of homogenate. The cholesterol acetate was 
dissolved in saline with the aid of Tween 20 (7). To simplify calculations, the 
cholestero) acetate values are expressed as the cholesterol equivalent of the ester. 





Cholesterol values 
Incubation mixture Ss = alah tatnatbetsntl 





| 
| 
| 
| 





| 
| 
Experiment Control Incubated Increase in free 
7 es 
| 








No. = ae ela [eh a cholesterol 
pono eee Tween 20 | Free Total Free | Total 
mil. mg. mg. | mg. mg. mg. mg. 
1 | 20 _ 1.21 | 1.34 1.17 | 1.35 | (—0.04)* 
| 2.0 ++ | 1.21 | 1.34 | 1.26 | 1.35 | (40.08) 
| 2.0 | 0.96 | + | 1.22 | 2.30 | 1.87 | 2.23 | +0.65 
2 | 2.0 _ | 1.19 | 1.27 | 1.16 | 1.25 (—0.03) 
| 2.0 1.30 + 1.16 | 2.50 2.31 | 2.55 +1.15 
1.30 + 0.0 | 1.30 | 0.0 | 1.30 0 
3 2.0 - 1.21 | 1.3 1.10 | 1.20 | (—0.11) 
|} 2.0 1.25 + 1.20 | 2.55 2.20 2.60 +1.00 
4 2.0 1.29 + 1.16 2.50 2.31 | 2.55 +1.15 
2.0f 1.29 + 1.2 | 2.45 1.11 2.50 (—0.01) 





* The values in parentheses were not considered significant. 

+ A saline solution containing the same amount of Tween 20 as in the cholesterol 
acetate solution was added to the incubation mixture. 

t Boiled homogenate. The incubation flask containing only the homogenate was 
immetsed for 3 minutes in a boiling water bath prior to addition of the buffer and 
substrate. 


livers were perfused and homogenized in the cold with 0.25 m sucrose (3 
ml. per gm. of liver) by procedures which have been described in detail 
elsewhere (18). The ability of these homogenates, or homogenates diluted 
with an equal volume of 0.25 m sucrose, to hydrolyze cholesterol acetate 
was investigated as is shown in Table I. Cholesterol extractions and 


determinations were performed by methods described in an earlier paper | 


(20). 
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It can be seen that incubation of cholesterol acetate with rat liver ho- 
mogenates resulted in hydrolysis of over 50 per cent of the added ester. 
No hydrolysis of the ester occurred when cholesterol acetate was incubated 
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Fic. 1. The effect of incubation time on the per cent hydrolysis of cholesterol 
acetate by rat liver homogenates. Each point represents the per cent hydrolysis of 
cholesterol acetate by the action of 2 ml. portions of homogenate incubated in dupli- 
cate at 36° with 1.23 mg. of cholesterol acetate contained in 3 ml. of a Tween 20 
solution and 7 ml. of Veronal-acetate buffer, pH 8.47. The calculation of per cent 
hydrolysis is based on the assumption that the increase in amount of free cholesterol 
was due to hydrolysis only of the added cholesterol acetate, since no hydrolysis of 
endogenous esters occurred when the homogenate was incubated alone. 

Fig. 2. The effect of pH on the per cent hydrolysis of cholesterol acetate by rat 
liver homogenate. Each point represents the per cent hydrolysis of cholesterol 
acetate after incubation of duplicate 2 ml. portions of homogenate for 3 hours at 36° 
with 1.41 mg. of cholesterol acetate contained in 2 ml. of a Tween 20 solution and 7.5 
ml. of Veronal-acetate buffer. The pH values are those observed after incubation. 


with the buffer in the absence of liver homogenate (Experiment 2, Table 
I). Furthermore, there was no change in the ratio of free to total choles- 
terol when homogenates were incubated in the absence of added substrate, 
either in the presence or absence of Tween 20 (Experiment 1). 

In order to establish the enzymatic nature of the activity contained in 
the homogenate and to characterize the system further, the following 
three experiments were undertaken. 
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Effect of Boiling on Hydrolytic Activity of Homogenates—In Table |, § taint 
Experiment 4, it can be observed that complete inhibition of hydrolysis | the 


occurred in the boiled samples. ident 

Effect of Incubation Time—Hydrolysis of cholesterol acetate proceeded Th 
rapidly for the first half hour of incubation and then gradually approached > the v 
equilibrium (Fig. 1). that 


Effect of pH—In Fig. 2, the per cent hydrolysis is plotted against the }  fract 
pH (values determined after incubation). The optimal pH for cholesterol 
acetate hydrolysis was found to be approximately 8. However, there was 





























considerable activity on either side of the pH optimum. TI 

hydr 

TasLe II ment 

Distribution of Cholesterol Esterase in Various Ultracentrifugal Fractions of Rat Liver cann 

Homogenate show 

| Cholesterol values* chole 

—_ ———————— | Increase in | Distribution TI 

ration Control | Tocubated | ciSterot| acitigt | terol 

Free | Total | Free | Total limir 

- |__| ——__ |__| ~__ , ously 

mg. mg. | mg. mg. mg. per cent chole 

Unfractionated homogenate.| 0.45 | 1.75 | 1.19 1.74 | 0.74 | 100.0 serul 
RES Ay sraray bien cen 0.00 | 1.23 | 0.11 1.24 0.11 14.9 pet 

Mitochondria............... | 0.15 | 1.17 | 0.13 | 1.24 |(-0.02)t 0.0 whic 

Submicroscopic particles....| 0.32 | 1.45 1.15 1.51 0.83 | 112.2 poss! 

Supernatant................ | 0.03 1.23 | 0.06 1.16 |(+0.03) (4.1) in v1 

—————— — re slow 

* See Table I for description of procedures. 

¢ Calculated on the basis of 100 per cent activity in the unfractionated homog- aes i 

enate. 1 

t The values in parentheses were not considered significant. ester 

zym 


Distribution of Hydrolytic Activity within Liver Cell—In order to deter- | ¢ al 
mine the quantitative distribution of the enzyme within the liver cell, 8.0 } tics: 
ml. samples of a homogenate were fractionated by a modified Schneider- | enzy 
Hogeboom differential centrifugation technique as described by Schotz | Lau; 
et al. (18). 2 ml. of the unfractionated homogenate were assayed for | that 
cholesterol acetate-hydrolyzing activity as described above. Each of the | this 
nuclear, mitochondrial, microsomal, and Supernatant 1 (18) fractions ob- 
tained from centrifugation of 8 ml. of homogenate were quantitatively 


transferred to 10 ml. volumetric flasks and adjusted to volume with 0.25 1. 
sucrose. The F layer was discarded because of its low protein content! | been 
(21). Supernatant 2 (18) was not used because of its large volume and 2. 
great dilution in the course of the fractionation. Aliquots of 2.5 ml., con- | Zym 

3. 


1 Krinsky, N. I., personal communication. 
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taining an amount of each fraction equivalent to that present in 2 ml. of 
the original homogenate, were assayed for enzyme activity under conditions 
identical to those used for the unfractionated homogenate. 

The hydrolytic activities in the ultracentrifugal fractions, as well as in 
the whole homogenate, are compared in Table II. These results indicate 
that the activity is associated almost exclusively with the microsomal 
fraction. 


DISCUSSION 


The presence in rat liver homogenates of an enzyme capable of rapidly 
hydrolyzing cholesterol acetate has been demonstrated in these experi- 
ments. The significance of this system in cholesterol metabolism in vivo 
cannot be evaluated at this time, since cholesterol acetate has not been 
shown to be either a naturally occurring ester or even an intermediate in 
cholesterol metabolism. 

There is considerable evidence that the naturally occurring serum choles- 
terol esters contain fatty acids of higher molecular weight. In a few pre- 
liminary experiments, under conditions similar to those described previ- 
ously, it has not been possible to demonstrate consistently hydrolysis of 
cholesterol palmitate, cholesterol oleate, or the esters present in human 
serum. In addition, other investigators have reported in vitro systems 
which also have a limited activity in the hydrolysis of these esters. It is 
possible that the enzyme which rapidly hydrolyzes cholesterol acetate 
in vitro may show activity toward the higher fatty acid esters at a much 
slower rate. On the other hand, the possibility also exists that a system 
not as yet identified may be responsible for the splitting of these esters. 

The further possibility exists that the enzyme reported here is an acetyl 
esterase specific toward the acetate moiety of the molecule. Such an en- 
zyme capable of hydrolyzing many acetate esters has been shown by Jansen 
et al. (22) to occur in citrus fruit. The similarity between the characteris- 
tics and location within the liver cell of this cholesterol acetate-hydrolyzing 
enzyme and the vitamin A acetate esterase studied by McGugan and 
Laughland (16) and by Ganguly and Deuel (17) leads to the speculation 
that the same enzyme is involved in both reactions. Further studies of 
this system are in progress. 


SUMMARY 

1. Rapid hydrolysis of cholesterol acetate by rat liver homogenates has 
been demonstrated. 

2. The system responsible for this activity has been shown to be en- 
zymatic in nature, with optimal activity at pH 8. 

3. A quantitative distribution of the hydrolytic activity within the liver 
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cell is reported. The activity is associated almost exclusively with the 
microsomal fraction. 


4. The possible significance of this system in cholesterol metabolism 


in vivo is discussed. 


5. The similarity between this enzyme and a vitamin A esterase reported 


by other investigators is indicated. 


We are indebted to Professor Harry J. Deuel, Jr., for his continued 


interest and advice in this research, and to Mr. J. Ronald Powell for his 
technical assistance. 
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FORMATION OF ACETOACETATE FROM FATTY ACIDS BY 
PARTICULATE SYSTEMS OF RAT LIVER* 


By ROBERT F. WITTER, MARY A. COTTONE, anp ELMER STOTZ 


(From the Department of Biochemistry, School of Medicine and Dentistry, 
The University of Rochester, Rochester, New York) 


(Received for publication, October 19, 1953) 


The relative importance of oxidation through the Krebs cycle or of con- 
version to acetoacetate for the oxidation of fatty acids in liver is unknown. 
Attempts have been made to answer this question by studies of the prod- 
ucts of the oxidation of fatty acids in particulate systems (1-7). In most 
of the experiments this process has required the presence not only of ade- 
nine nucleotides, magnesium ion, and cytochrome c, but also “activators” 
such as heated extracts of liver (6), intermediates of the Krebs cycle (2, 4, 
7), or reduced diphosphopyridine nucleotide (DPN) (3). The type of ac- 
tivator added apparently determines the pathway of oxidation (2, 3). 
Thus in the presence of reduced DPN the carbon chains of both long and 
short chain acids are converted to acetoacetate (3), whereas, when sources 
of oxalacetate are added, the fatty acids, particularly those with long chains 
(2), have a greater tendency to be oxidized through the Krebs cycle (2, 7, 
8). However, little information is available as to the pathway of oxidation 
of fatty acids in systems which do not require the addition of such activa- 
tors (1,5). Since these undoubtedly contain intact activating systems, it 
seems possible that a closer approximation to the major pathway of fatty 
acid oxidation in liver might be obtained by further study of such prepara- 
tions. 

Therefore, the effect of chain length of the fatty acid on acetoacetate 
yield was investigated in systems which did not require the addition of 
activators for maximal rate of oxidation. The fatty acids studied were 
the homologous series of fatty acids ranging in chain length from C2 to 
Cy. The particulate systems used included washed particles from liver, 
liver mitochondria prepared in hypertonic sucrose, and liver mitochondria 
prepared in isotonic sucrose. The results obtained emphasize the impor- 
tance of conversion to acetoacetate in the oxidation by liver of fatty acids 
of even carbon number. 


*This research was supported by funds granted by the Division of Research 
Grants and Fellowships of the National Institutes of Health, United States Public 
Health Service, and the Nutrition Foundation, Inc. A preliminary report of some 
of the data in this paper was presented at the 124th meeting of the American Chemi- 
cal Society, Chicago, September, 1953. 
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EXPERIMENTAL fatty 
acids 
Most of the experimental details are given in previous publications for pu 
(6, 9). Particles from rat liver were washed three times with isotonic} pave 
potassium chloride (6); mitochondria were prepared in hypertonic sucrose} forma 
by the precipitation method of Kennedy and Lehninger (10) and washed} extray 
three times with isotonic potassium chloride. Mitochondria were pref jectec 
pared in isotonic sucrose by a modification of the method of Kielley and 
Kielley (11) and washed two times with isotonic sucrose. A homogenizer 
of the type described by Dounce and Beyer (12) was used. The “fluffy” A 
layer was removed from the sedimented mitochondria, which were always The 
kept at 0°. condit 
The fatty acids used in this study were obtained from the Eastma} — Aci 


Kodak Company and when necessary were subjected to further purifica. — —— 
tion. The sources of the other materials used in these experiments have} yo. of 
been given in previous publications from this laboratory (6, 9). Aceto.} 
acetate was estimated as acetone by the sensitive vanillin method (13), at 
Occasionally these values were checked by the aniline citrate method (14). 2 
Adenosinetriphosphatase (ATPase) was measured by the method of Du- 3 
Bois and Potter (15). The rate of oxygen uptake was measured by the 4 
usual Warburg manometric technique. The substrate was added to the - 

- 

8 

9 


ice-cold reaction mixture, and the flasks were incubated in the bath at 30° 
for 5 minutes before the stop-cocks were closed. The fatty acids were 
neutralized with sodium hydroxide, and those of chain length greater than 


10 carbons were added as fresh hot (90°) solutions to the chilled Warburg 10 


flask. Except where noted, air was the gas phase. ~ 
The reaction mixture for the studies with the washed particles or with 13 
mitochondria prepared in hypertonic sucrose contained 0.015 M tris(hy- 14 
droxymethyl)aminomethane, pH 8.0, 0.01 m potassium phosphate, pH 8.0, 16 
3 X 10-* m cytochrome c, 0.0066 m magnesium chloride, 0.05 m potassium 7 
chloride (this includes the salt in the enzyme suspension), 0.0013 m adeno- oé 
sinetriphosphate (ATP), and 0.001 to 0.00025 m fatty acids, particulate 
suspension equivalent to 300 mg. of fresh liver, and water to make a total ope 
volume of 3.0 ml. The reaction mixture used with the isotonic mitochon- eve: 


dria was similar except for the presence of 0.002 m ATP, 0.05 m sucrose, witl 
0.03 m potassium chloride, 0.01 m creatine, and 10 mg. of a dialyzed fraction 


carl 

of rabbit muscle precipitating between 50 and 70 per cent saturation with on 
ammonium sulfate (16). one 
Results cull 

Oxi 

In Table I are presented the results of studies of the effect of chain fae 


length of the acid on the formation of acetoacetate with mitochondria I 
prepared in isotonic sucrose or with washed particles as the source of the 
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fatty acid oxidase. Similar results were obtained with representative 
acids when mitochondria prepared in hypertonic sucrose were used, but 
for purposes of brevity these have been omitted. The experimental values 
have been corrected for the small amount of respiration and acetoacetate 
formation which took place in the absence of added substrate. Also by 
extrapolation of the rate curves, the total oxygen uptake has been cor- 
rected for the first 5 minutes the flasks were in the bath with the stoppers 


TaBLeE I 
Acetoacetate Formation from Fatty Acids in Particulate Systems of Rat Liver 


The reaction time was 30 to 40 minutes; temperature 30°. Other experimental 
conditions are given in the text. 


















































Acid added [Mitochondria from isotonic sucrose Washed particles Theoretical values 
- | Rate of | Total | Aceto- | Total Aceto- | Total ceto- 
i = | acetate | oxygen | acetate) Sects | oxygen al — 
| | - so sonnet 
| uM | pM | uM | mat BM uM uM | 
2 | 3.0 | 0.4 0.1 | 0.25 | 0.3] 0.1 | 0.3 0 |1.5 | 
3 13.0 | 'o2}0 |o0 | o4}o0 Jo 4.5/1.5 | 0.33 
4 [3.0 | 1.8 | 3.2| 3.0 | 0.94 | 3.0| 31] 1.0 | 3.0/3.0 | 1.0 
5 13.0 | 2.0 | 5.0| 0.4 | 0.08 | 4.8| 0.3 | 0.06 | 7.5| 3.0 | 0.4 
6 (3.0 | 3.0 | 6.2) 4.4 | 0.71 | 6.0) 4.4 | 0.73 | 6.0] 4.5 | 0.75 
7 |3.0 | 3.2 | 12.5 | 1.8 | 0.14 | 11.4| 1.2 | 0.10 | 16.5] 3.0 | 0.18 
8 |3.0 | 3.8 | 9.0) 6.0 0.66 | 9.0] 6.1 | 0.67 | 9.0/6.0 | 0.66 
9 |3.0 | 3.9 | 17.6 | 3.1 | 0.18 | 16.1 | 2.8 | 0.17 | 25.5 | 3.0 | 0.12 
10 (1.5 | 4.0 | 6.1 | 3.8 | 0.62 | 6.4] 3.7 | 0.59 | 6.0 | 3.75 | 0.62 
11 |0.75| 3.2 | 6.8] 1.2 | 0.18 | 6.9| 1.2 | 0.17 | 8.6,| 0.75 | 0.087 
12 |0.75| 2.6 | 3.7| 2.3 | 0.62 | 3.6] 2.1 | 0.58 | 3.7 | 2.2 | 0.60 
13 | 0.75 | 2.9 | 5.3| 1.2 | 0.22 | 6.6| 1.1 | 0.17 | 10.8 | 0.75 | 0.069 
14 |0.75| 2.0 | 4.6 | 2.8 | 0.61 | 4.8| 2.6 | 0.55 | 4.5 | 2.6 | 0.58 
16 | 0.75| 2.0 | 5.6) 3.0 | 0.54 | 4.9] 2.8 | 0.57 | 5.2 | | 3.0 | 0.57 
17 | 0.75| 1.5 | 4.2/ 1.1 | 0.26 | 2.5] 0.9 | 0.36 | 15.4 | 0.75 | 0.05 





* Oxygen uptake per 10 minutes per equivalent of 300 mg. of wet liver. 





open. The oxidation was allowed to go to completion with the acids of 
even carbon number, but was stopped after the rate had become very slow 
with the acids of odd carbon number. In the case of the acids of even 
carbon number the theoretical values for acetoacetate formed and oxygen 
consumed are calculated for the conversion of the entire carbon chain to 
acetoacetate. With the acids of odd carbon number these values are cal- 
culated for the formation of 1 mole of acetoacetate per mole of fatty acid 
oxidized, except for propionic acid which is assumed to yield 2 of its carbons 
for the synthesis of acetoacetate by a recondensation mechanism. 

In Table I are recorded the actual experimental data obtained for the 
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rates of oxidation, acetoacetate formed, and the total oxygen consumed 
These values are not always strictly comparable from one acid to another 
because all of the acids were not studied at the same concentration. Hoy. 
ever, since concentration units are canceled in the calculation of the aceto. 
acetate to oxygen ratios, the latter more clearly reflect differences in mode 
of oxidation between the acids. 

The results in Table I show that the complete carbon chain of acids with 
an even number of carbons ranging from C, to Cis were converted quanti- 
tatively to acetoacetate. The quantitative formation of acetoacetate from 
acids such as Cz, Cio, or Cys certainly supports the results of isotope studies 
(17), which indicate a recondensation mechanism for the formation of 
acetoacetate by rat liver. The striking decrease in the acetoacetate to 
oxygen ratios which is observed when an acid of odd carbon number js 
compared with one of even carbon number shows that the former acids 
are oxidized with the production of much less acetoacetate than are the 
latter acids. However, the ratios also indicate that, with the exception 
of the C; and C; acids, which gave low ratios, and the C3; acid, which was 
not oxidized, the acids with an odd number of carbon atoms yielded more 
than 1 mole of acetoacetate per mole of fatty acid oxidized. Thus in 
these preparations the factor which determines whether a fatty acid will 
be oxidized to acetoacetate is not the chain length, as with mitochondria 
activated with oxalacetate (2), but whether the number of carbons is odd 
or even. 

These results are in agreement with the many observations (1, 2, 4, 7, 
18) that less acetoacetate is produced from acids with an odd number of 
carbon atoms than from those with an even number of carbon atoms. 
They confirm and extend the early experiments of Lehninger (1) with the 
oxidation of octanoate and palmitate by washed particles to which no 
activator was added, but are in disagreement with similar studies conducted 
* by Weinhouse et al. (5). 

In Table I the rate of oxidation of the fatty acids is given for the first 
10 minutes and is expressed as micromoles of oxygen per equivalent of 300 
mg. of wet liver. It can be seen that the acids from C, to Ci; were oxi- 
dized at good rates by mitochondria prepared in isotonic sucrose, whereas 
acetic acid and propionic acids were not oxidized. This failure to oxidize 
acetic and propionic acids has been noted with many types of rat liver 
preparations (1, 7). Similar rates were obtained with washed particles, 
but the fatty acids were oxidized at about two-thirds these rates by mito- 
chondria prepared in hypertonic sucrose. Schneider (19) previously had 
noted that the latter preparation gave lower rates of fatty acid oxidation. 

The fatty acid oxidase of mitochondria prepared in isotonic sucrose was 
much more stable than that of the other preparations. This enzyme sys- 
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tem, when present in washed particles or mitochondria prepared in hyper- 
tonic sucrose, is completely inactivated by freezing (20)! or by the presence 
of ferricyanide.'! However, in Table II it is shown that ferricyanide can 
be used as an electron acceptor for the oxidation of fatty acids by mito- 
chondria isolated in isotonic sucrose. Also such preparations retain ap- 
preciable fatty acid oxidase activity, with oxygen as the electron acceptor, 
after freezing and storage at —77°. All attempts to prevent the initial 
drop in activity which occurs on freezing were unsuccessful. The methods 
tested included the addition of various activators and cosubstrates to the 
reaction mixture and freezing of the mitochondria in the presence of vari- 


Tasie II 
Oxidation of Hexanoate by Mitochondria 
The oxidation of hexanoate was carried out as described in the experimental sec- 
tion except that the pH was7.4. In the ferricyanide experiments an atmosphere of 
95 per cent nitrogen-5 per cent carbon dioxide replaced the air, and 0.01  ferri- 
cyanide and 0.015 m sodium bicarbonate were also present. 











Experi- 

ment | Oxidant Treatment of mitochondria Coen 
No. | | uptake 

| uM 
1 Air None | 2.6 
2 Ferricyanide si | 2.5 
3 Air Frozen at —77° | 1.5 
4 Ferricyanide sy “¢ —77° | 0 
5 Air and stored at —77° for 4 hrs. | 1.3 
6 cc “ee “ce ae “cc —77° “cc 72 ce 0.9 
2 Ss ¢ | 

7 - at —77° and stored at —15° for 24 hrs. 0 





* Oxygen uptake for 10 minutes per equivalent of 300 mg. of wet liver. 


ous protective agents such as gum arabic (21), cysteine, or magnesium 
chloride (22). The results of centrifugation at 10,000 X g and microscopic 
examination indicate that many of the mitochondria were broken by the 
process of freezing and thawing. It is possible that the fatty acid oxidase 
activity is retained only by the intact mitochondria. 

In confirmation of previous results with washed particles prepared in 
salt solution (8) or mitochondria prepared in isotonic sucrose (23), in none 
of the preparations used in Table I was the addition of activators necessary 
for the maximal rate of oxidation of the fatty acids. However, as de- 
scribed by others (23), it was necessary to add a phosphate acceptor, in 
this case the phosphocreatine system, to the mitochondria prepared in 
isotonic sucrose in order to permit the maximal rate of oxidation of fatty 


1 Witter, R. F., unpublished observation. 
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acids and Krebs cycle intermediates. In confirmation of previous obser. 


was t 
vations (11, 23, 24), this mitochondria preparation had very low ATPase presel 
activity. The latter was increased on freezing, and concomitantly the an ac 
addition of the phosphate acceptor was no longer required. These results jn dif 
confirm the generally accepted conclusion that substrates cannot be ox. the sé 
dized in these mitochondria unless some method is provided for the tum. liver. 
over of the phosphate bonds of the ATP formed during the oxidation (23 } form: 
24). In contrast to the results of Kennedy and Lehninger (2, 3), the rally 
mitochondria prepared in hypertonic sucrose also did not require the addi- }  yitro: 
tion of activators. These authors (2, 3) pointed out the difficulty of con- ing 8 


sistently obtaining such preparations and found that best results were 
obtained by alternately washing with hypertonic sucrose and isotonic salt 
solution (3). Since the preparations used in the present study were washed Th 
with isotonic potassium chloride, it is possible that the difference in wash- 


of fa 
ing procedure may account for the discrepancy in the requirement for parti 
activators. of ac 
clud 
DISCUSSION mit 
In the in vitro systems studied the carbon chains of acids of even carbon and 
number, with the exception of acetic acid, were quantitatively converted to chai 
acetoacetate, whereas little of the ketone body was formed from the acids acet 
with an odd number of carbons. It is difficult to assess the significance witk 
in vivo of these findings, since generalizations based solely on experiments acet 
in vitro are subject to criticism. However, these results agree with the of t 
well known fact that in vivo the acids with long carbon chains and an even free 
number of carbon atoms yield much more acetoacetate than those with an 
odd number of carbons (25, 26). They support the hypothesis that this 
is due to a difference in pathway of oxidation in the liver. However, the i. 
results obtained are in apparent disagreement with the observation that 2. 
' the short chain acids are more ketogenic than the long chain acids of even . 
; io le ‘ ; 4, 
carbon number (27). Since this is apparently not due to differences in 5. 
rate of absorption (27), it has been attributed to the fact that the short 6. 
chain acids are not stored (28, 29) and hence must be oxidized (27). Also, 7. 
the former acids are transported via the portal circulation, whereas the 8. 
latter are carried via the lymphatic system (30). Accordingly, the short bs 
chain fatty acids probably reach the liver in a shorter time than the long i. 
chain acids and thus might yield ketone bodies at a faster rate. 12. 
Another possible explanation for the ketogenic effect of the short chain 13. 
acids is a difference in mode of oxidation of the long chain acids by the 14. 
liver. This hypothesis is not supported by the results presented in this . 
communication. Previous experiments in vitro have shown the short chain 7 
acids to be more ketogenic than the long chain acids when oxalacetate (2) 18 
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was the activator, but not when DPN was the activator (3). In the 
present study each of three types of mitochondrial preparations contained 
an activating system which formed acetoacetate. Since these were made 
in different media, it seems highly improbable that all three would have 
the same activating system unless the latter were important in the intact 
liver. Thus these considerations lend support to the classical concept that 
formation of acetoacetate is an important pathway of oxidation of natu- 
rally occurring fatty acids in liver. However, none of these studies in 
vitro can be extrapolated to conditions in vivo until the balance of activat- 
ing systems in the intact liver is known. 


SUMMARY 


The effect of chain length on the acetoacetate yield from each of a series 
of fatty acids ranging in chain length from C2 to Cy; was investigated with 
particulate preparations from rat liver which did not require the addition 
of activators for the maximal rate of oxidation. The systems studied in- 
cluded washed particles, mitochondria prepared in isotonic sucrose, and 
mitochondria prepared in hypertonic sucrose. With the exception of acetic 
and propionic acids, the acids were oxidized at vigorous rates. The carbon 
chains of acids with an even number of carbons, with the exception of 
acetic acid, were converted quantitatively to acetoacetate, whereas those 
with an odd number of carbons yielded slightly more than 1 mole of aceto- 
acetate per mole of fatty acid oxidized. The fatty acid oxidase activity 
of the mitochondria prepared in isotonic sucrose was relatively stable to 
freezing and storage at low temperature. 
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It is known that, of all animal species studied, only man, other Primates, 
and the guinea pig are unable to synthesize ascorbic acid. Results ob- 
tained in rats, with radioactive glucose, indicate that ascorbic acid is 
synthesized by a fairly direct route from glucose (1-3), but no information 
has been available concerning the rate of synthesis and metabolism of 
ascorbic acid. Such information would make possible a comparison be- 
tween the amount of ascorbic acid available each day by synthesis in the 
rat with that required daily in the diet of those species which are unable to 
synthesize ascorbic acid. Furthermore, the information would furnish a 
better understanding of the manner by which various organic compounds, 
particularly drugs such as Chloretone, paraldehyde, and barbiturates, 
markedly increase the urinary excretion of ascorbic acid (4). This in- 
crease in urinary excretion has been attributed to acceleration of synthesis, 
since the amounts found in the urine after the administration of the various 
compounds were far in excess of body stores of ascorbic acid estimated 
from chemical analysis of rat tissues (4). No quantitative data have been 
available, however, on the effect of these compounds either on the body 
pool or on the turnover rate of ascorbic acid. 

In the present investigation L-ascorbic-1-C" acid was used to determine 
the rate of synthesis and metabolism of ascorbic acid in normal rats and 
in those receiving Chloretone and pentobarbital. The body pools of as- 
corbic acid in these animals were labeled with L-ascorbic-1-C™ acid, and 
the specific activity of urinary ascorbic acid was determined over various 
time intervals. From these data it was possible to estimate the turnover 
rate and the magnitude of the miscible body pool of ascorbic acid. The 
results indicate that the amount of ascorbic acid synthesized daily in rats 
is about the same as the amount required each day in the diet of guinea 


* This investigation was supported in part by grants from The Public Health Re- 
search Institute of The City of New York, Inc., and the Nutrition Foundation, Inc. 
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pigs of the same body weight to maintain tissue saturation. In addition, 
the results indicate that the increased urinary excretion of ascorbic acid 
after administration of Chloretone and pentobarbital results from an jp. 
crease in ascorbic acid synthesis. 


EXPERIMENTAL 


Radioactive Material—The t-ascorbic-1-C" acid was synthesized by meth. 
ods described previously (5, 6). 


TaBLeE I 
Description of Experimental Rats and Dosage of u-Ascorbic-1-C'4 Acid 











Experiment No. Weight of rat | Dose of ~ seat | Total C™ administered 
Normal 
gm. | mg. | c.p.m. X 10-* 
1 330 6.23 1.36 
2 | 347 | 1.45 | 1.89 
8 | 280 | 1.46 1.91 
10 222 | 0.49 0.636 





Chloretone-treated 











2c 350 | 2.50 | 3.28 

3c 300 | 4.84 | 1.63 

4c | 325 | 2.50 | 3.28 
Pentobarbital-treated 

8N 287 3.35 0.611 

9N | 217 2.66 0.485 





Experimental Animals—Male albino rats of the Wistar strain were used, 
and their weights are listed in Table I. A basal diet of evaporated milk! 
and distilled water was supplied for 2 weeks before and during each experi- 
mental period. In experiments on the effect of drugs, either 45 mg. of 
Chloretone or 30 mg. of pentobarbital were administered daily for a period 
of at least 4 days prior to the injection of the labeled ascorbic acid and 
each day during the experimental period. The Chloretone was given ina 
single dose by stomach tube as a homogenate with 1 ml. of evaporated 
milk. The pentobarbital was incorporated in the evaporated milk diet. 

Biological Tests—The indicated quantities of radioactive ascorbic acid 
(Table I) were dissolved in 1.0 ml. of water and immediately administered 


1 Carnation brand of evaporated milk was used. 
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by intraperitoneal injection. The animals were then placed in a metabo- 
lism chamber (1), and respiratory carbon dioxide was collected at various 
intervals up to 96 hours. 24 hour urine samples were collected in 5 ml. of 
10 per cent oxalic acid (7), and the daily urinary excretion of ascorbic acid 
was determined by titration with indophenol dye (8). The total C“ in the 
24 hour urine collection was determined by combustion of suitable aliquots 
to carbon dioxide by the method used previously (1). 

Determination of Specific Activity of Urinary Ascorbic Acid—A weighed 
amount of carrier ascorbic acid (150 to 300 mg.) was added to each urine 
sample. The ascorbic acid was purified by an ion exchange method de- 
scribed previously (1, 9), except that the Amberlite IR-4B anion exchange 
column was used in the acetate form (6) and 2 n formic acid was employed 
to elute the ascorbic acid from the column (10). A portion of the ascorbic 
acid was then isolated as the 2,4-dinitrophenylosazone derivative (9). 
The total activity in the urinary ascorbic acid was calculated from the 
specific activity of the isolated osazone derivative, the proper correction 
being made for the added carrier ascorbic acid. The specific activity of 
the urinary ascorbic acid (counts per minute per mg.) was calculated by 
dividing the total C" in the urinary ascorbic acid by the amount of ascorbic 
acid as determined by titration with indophenol dye. 

Radioactive purity of the isolated osazone was established by the same 
method as that used previously (1); no change was found in the specific 
activity of the osazone after recrystallization, and ascorbic acid isolated 
from the same urine sample had a molar specific activity identical with that 
of its osazone derivative. 

The small amounts of dehydroascorbic acid and diketogulonic acid which 
are present in the urine of rats (11) do not contribute significantly to the 
radioactivity of the isolated osazone. This point was checked as follows: 
1 mg. of dehydroascorbic-1-C" acid? and 1 mg. of diketogulonic-1-C" acid? 
were added separately to 24 hour urine collections from two rats which 
had not received the labeled ascorbic acid. 200 mg. of carrier ascorbic 
acid were then added to each sample, and the osazone derivative was iso- 
lated in the usual way. In each case less than 10 per cent of the radio- 
activity added was recovered in the isolated osazone. 

Measurement of Radioactivity—The methods for collection and prepara- 
tion of samples for counting were described previously (13). The 2,4-di- 
nitrophenylosazone of ascorbic acid was plated directly on filter paper. 
The same self-absorption corrections that were used for BaCO; were found 
applicable for counting the osazone. 


* Dehydroascorbic-1-C™ acid and diketogulonic-1-C™ acid were prepared from 
L-ascorbic-1-C" acid, the former by bromine oxidation and the latter by the method 
of Penney and Zilva (12). 
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RESULTS AND DISCUSSION 
Turnover Rate and Body Pool of Ascorbic Acid—Experiments were carried 
out with four normal rats, three Chloretone-treated rats, and two pento. 
barbital-treated rats. The specific activity of the ascorbic acid in the 24 
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DAYS 
Fig. 1. Specific activity (counts per minute per mg.) of urinary ascorbic acid 
plotted against time (days). Normal rats, O, Experiment 2; 0, Experiment 8; 
A, Experiment 10. Chloretone-treated rats, @, Experiment 2c; A, Experiment 3c. 


hour urine samples was determined at various times after the dose. In 
each case 24 hours were allowed to elapse before the first specific activity 
was determined in order to allow sufficient time for equilibration of the 
radioactive ascorbic acid with non-labeled material in the body pool. The 
values for the specific activities of the urinary ascorbic acid of three normal 
and two Chloretone-treated rats are presented in Fig. 1, and the values 
obtained in two pentobarbital-treated rats are shown in Fig. 2. These 
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values have been plotted on a semilog scale at the mid-point of each 24 
hour collection period. From these specific activity-time curves it is pos- 
sible to calculate the turnover rate and body pool of ascorbic acid. 

The method for mathematical treatment of the data and the definitions 
of terms are the same as those employed by Chaikoff and his coworkers 
(14). The size of the ascorbic acid pool that has become labeled is deter- 
mined by extrapolation of the specific activity-time curve of the urinary 
ascorbic acid to zero time. The turnover time (7',), the time required for 
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Fic. 2. Specific activity (counts per minute per mg.) of urinary ascorbic acid 
plotted against time (days). Pentobarbital-treated rats, O, Experiment 8N; A, 
Experiment 9N. 


a- 


the disappearance of an amount of ascorbic acid equal to body ascorbic 
acid, is calculated by the following equation: JT, = 1.44 T;. Ty is the time 
required for the specific activity of urinary ascorbic acid to decrease by 
one-half (Figs. 1 and 2). The turnover rate, the amount of body ascorbic 
acid turned over per day, is obtained by dividing the amount of ascorbic 
acid in the body pool by the turnover time. 

The following assumptions are made: (1) The size of the body pool of 
ascorbic acid in each animal remains constant during the experimental 
period; z.e., the animal is in a steady state with respect to synthesis and 
metabolism. (2) The specific activity of urinary ascorbic acid collected 
over 24 hours is the same as the average specific activity of ascorbic acid 
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in the body pool during the same interval. (3) The only ascorbic acid to 
enter the body pool is newly synthesized ascorbic acid.* 

The values for the half time, the turnover time, and the turnover rate 
obtained in each experiment are given in Table IT. 


TasBLe II 
Body Pool and Turnover Rate of Ascorbic Acid in Normal and Drug-Treated Rats* 





| Per cent of total 























Experi- | Half time,| Turnov Turnov Excretion of bie aci 
ment No.t | 7" Body pool | time, T; | rate eccerbic acidt _laynthesiand cath dap 
excreted in urine 
Normal 
days = 100 days rf = pd mg. per 100 gm. per day 
1§ 2.80 | 9.0 4.03 2.23 0.33 + 0.07 15 
| 3.10 | 12.3 4.47 2.75 0.35 + 0.03 13 
8 2.95 10.7 4.32 2.48 0.444 0.05 | 17 
10 | 2.60 | 10.9 3.74 2.95 0.46 + 0.06 16 
Chloretone-treated 
2c | 0.65 18.8 0.94 | 20.0 11.6 + 2.10 | 57 
3c | 0.60 | 18.0 0.86 20.2 8.9 + 0.50 44 
4c | 0.60 | 20.9 0.86 24.3 10.0 + 0.86 42 
| 
Pentobarbital-treated 
8N 1.40 16.9 2.02 8.46 1.81 + 0.13 22 
9N 1.05 22.3 1.51 14.8 3.90 + 0.43 26 





* Values expressed per 100 gm. of body weight. 

+ The same rat was used in Experiments 2 and 2c; another rat was used for both 
Experiments 8 and 8N. 2 weeks were allowed to elapse between experiments in 
each case. 

t Average of daily urinary excretion of ascorbic acid during experimental period; 
the average deviations are given for each value. 

§ These experiments are not shown in Fig. 1 or Fig. 2. 


In the four normal rats the body pool of ascorbic acid averaged 10.7 mg. 
per 100 gm. of body weight, the turnover time averaged 4.1 days, and the 
turnover rate averaged 2.6 mg. per 100 gm. of body weight per day. These 
results indicate that the amount of ascorbic acid synthesized daily in the 
rat is essentially the same as that which must be administered daily to 
guinea pigs to maintain tissue saturation (15). 

In the three Chloretone-treated rats, the body pool of ascorbic acid 


’ The amount of ascorbic acid available in the evaporated milk was less than 05 
mg. per day. 
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averaged 19.2 mg. per 100 gm. of body weight, the turnover time averaged 
0.89 days, and the turnover rate averaged 21.5 mg. per day per 100 gm. of 
body weight. The body pool of ascorbic acid in the Chloretone-treated 
rats was about twice as large as that in normal animals and was turned 
over about 5 times faster, indicating that the increased excretion of ascorbic 
acid was due to an acceleration in synthesis. 

In the two pentobarbital-treated rats, the body pool of ascorbic acid 
averaged 19.6 mg. per 100 gm. of body weight, the turnover time averaged 


Taste III 
Excretion of C' Carbon Dioxide after Administration of L-Ascorbic-1-C'* Acid 





Per cent of dose excreted as CO at end of 
Experiment No. | 





3 hrs. 6 hrs. | 24 hrs. | 48 hrs. 96 hrs. 





Normal rats 





1 | 2.15 | 3.55 12.2 18.2 | 28.2 
2 1.57 4.49 13.9 | 
8 | 0.40 | 1.12 14.3 | 20.8 27.4 





Chloretone-treated rats* 





2c | o- | oe 7 8.10 | 


ze | 60.68] at | 4.80 | | 
| | 


4c 1.46 | 2.45 6.30 











* The radioactivity in respiratory CO. was too Jow to be measured after 24 hours 
for the Chloretone- and pentobarbital-treated rats. 


1.8 days, and the turnover rate averaged 11.6 mg. per day per 100 gm. of 
body weight. It will be noted that pentobarbital induced a significant 
increase in the turnover rate of ascorbic acid, though it was not as marked 
as that following Chloretone administration. It seems likely that other 
organic compounds (4) exert their effect in increasing the excretion of 
ascorbic acid in a similar manner. 

Metabolic Fate of Ascorbic Acid—The amounts of ascorbic acid excreted 
daily in the urine accounted for only a fraction of the ascorbic acid syn- 
thesized per day: 15 per cent for the normal animals, 48 per cent for Chlo- 
retone-treated animals, and 24 per cent for pentobarbital-treated animals 
(Table II). These results indicate that an appreciable portion of the 
ascorbic acid synthesized each day was metabolized. 
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Examination of the respiratory CO, at various time intervals after ad. 
ministration of the labeled compound showed that significant amounts 
C™ were excreted via this route (Table III). It will be noted that, in 
ixperiments 1 and 8, about 28 per cent of the dose was excreted in this 
manner during the 96 hour period following the administration of the 
labeled compound. Degradation of ascorbic acid to CO» has been show 
previously to be an important pathway of its metabolism in guinea pigs 
(13). 

The total radioactivity excreted in the urine in each 24 hour collection 
period was determined in a normal rat (Experiment 8), in a Chloretone. 
treated rat (Experiment 3c), and in a pentobarbital-treated rat (Exper- 
ment 8N). The average values obtained for the proportion of total actiy. 
ity in the urine present as ascorbic acid were for the normal animal 41 per 
cent (range, 37 to 48 per cent), for the Chloretone-treated animal 66 per 
cent (range, 63 to 69 per cent), and for the pentobarbital-treated animal 
35 per cent (range, 23 to 54 per cent). These results indicate the presence 
of appreciable amounts of metabolic products of ascorbic acid in the urine. 
It has been shown that about one-third of the total activity excreted in 
the urine of the rat (16, 17) and guinea pig (13) is excreted as oxalate. 
The remaining C" in the urine is present as dehydroascorbic acid, diketo- 
gulonic acid, and other unidentified products. 





SUMMARY 

L-Ascorbic-1-C acid was administered to normal rats, Chloretone- | 
treated rats, and pentobarbital-treated rats, and the specific activity of the | 
urinary ascorbic acid was measured on successive days. The body pool of | 


ascorbic acid in the normal rats averaged 10.7 mg. per 100 gm. of body | 
weight, in the Chloretone-treated rats 19.2 mg. per 100 gm. of body weight, | 


and in the pentobarbital-treated rats 19.6 mg. per 100 gm. of body weight. 
The amount of ascorbic acid synthesized per day averaged 2.6 mg. per 100 
gm. of body weight for normal animals, compared to 21.5 mg. per 100 gm. 
of body weight for Chloretone-treated animals and 11.6 mg. per 100 gm. 
of body weight for pentobarbital-treated animals. 

These results indicated that the increased excretion of ascorbic acid after 
administering Chloretone and pentobarbital was the result of an accelera- 
tion of ascorbic acid biosynthesis. 

Urinary excretion accounted for only a fraction of the ascorbic acid syn- 
thesized each day: 15 per cent for the normal animals compared to 48 per 
cent for Chloretone-treated animals and 24 per cent for pentobarbital- 
treated animals. The remaining ascorbic acid was in part degraded to 
CO», and the remainder appeared as transformation products in the urine. 
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ANAEROBIC DISSIMILATION OF C"-LABELED GLUCOSE 
AND FRUCTOSE BY PSEUDOMONAS LINDNERI* 


By MARTIN GIBBS anv R. D. DEMOSS{ 
(From the Department of Biology, Brookhaven National Laboratory, Upton, New York) 


(Received for publication, November 16, 1953) 


Ethanol formation during the heterolactic fermentation of glucose by 
Leuconostoc mesenteroides has been shown to proceed via a pathway differ- 
ing from the Embden-Meyerhof-Parnas glycolysis scheme (1-3). Ethanol 
arising during yeast fermentation via the Embden-Meyerhof-Parnas 
scheme is derived from carbon atoms 1 (aldehyde carbon), 2, 5, and 6 of 
glucose (4), the methyl group representing carbons 1 and 6, while in the 
heterolactic fermentation only carbon atoms 2 and 3 give rise to ethanol, 
the methyl group representing carbon atom 2. It was, therefore, of inter- 
est to determine whether ethanol formation in other bacterial fermenta- 
tions involved the Embden-Meyerhof-Parnas or other pathways. 

Pseudomonas lindneri (Zymomonas lindneri, Termobacterium mobile) was 
investigated because of its high yield of ethanol during glucose or fructose 
fermentation. This fermentation has been studied by Kluyver and Hop- 
penbrouwers (5) using growing cultures, and their results may be expressed 
in the following equation: 


Glucose — 0.2 lactic acid + 1.8 ethanol + 1.8 CO. 


In the present work the products of glucose fermentation by resting cell 
suspensions of P. lindneri were determined and found to be in essential 
agreement with those previously observed with growing cultures. 

Preliminary data for labeling in the ethanol and CO; arising from the 
fermentation of C'*-labeled glucose by P. lindneri (6) indicated that the 
anaerobic dissimilation might proceed via a mechanism similar to that in 
Leuconostoc. However, the present experiments, which represent a more 
detailed investigation, indicate that the anaerobic dissimilation of glucose 
and fructose by P. lindneri involves a route of ethanol formation differing 
from either the usual Embden-Meyerhof-Parnas pathway or the hexose 
monophosphate pathway in the heterolactic bacteria. The results suggest 
a close resemblance to the aerobic dissimilatory mechanism proposed for 
Pseudomonas saccharophila by Entner and Doudoroff (7). 


* Research carried out at the Brookhaven National Laboratory under the auspices 
of the United States Atomic Energy Commission. 
t Postdoctoral fellow of the Atomic Energy Commission, 1951-52. Present ad- 


dress, McCollum-Pratt Institute, The Johns Hopkins University, Baltimore, Mary- 
land. 
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Methods 
Bacteriological—A culture of P. lindneri, obtained from Professor A. J, Th 
Kluyver, was used throughout these experiments. The culture was main- lindn 
tained by monthly transfer on a stock agar containing, per 100 ml., 1 gm. are € 


each of glucose, tryptone, and yeast extract, 0.5 gm. of KH»PO,, and 2 ml, 
of salt mixture (per 100 ml., 0.8 gm. of MgSO,-7H.O, 0.16 gm. of MnS0,- 





4H,0, and 0.04 gm. each of NaCl and FeSO,-7H,O), and 2 gm. of agar. 
To obtain cells for carbon balance and tracer studies, the culture was grown Pn 
in the same medium less agar. This medium required no pH adjustment No: 3 
and was sterilized at 120° for 15 minutes. For the experiments involving - 

fructose, the glucose in the medium was replaced by fructose. Gluco 

For inoculum a transfer was made from stock agar to a test-tube con- —_ 
taining approximately 10 ml. of growth medium; the tube was incubated Eth 
20 to 24 hours at 30°, and 0.05 ml. was transferred to a second tube of Lac 
medium, which after 12 to 14 hours at 30° was used to inoculate 100 ml. Carbo 
of growth medium (1 per cent inoculum). After 12 hours, the cells were Oxida 
collected by centrifugation and washed once with 10 ml. of water, sus- a 
pended in water, and the concentration was adjusted to 20 mg. of dry 
weight per ml. 

Chemical—In the balance studies, carbon dioxide formation in a nitrogen 
atmosphere was measured at 30° in the Warburg respirometer. After gas Per 
formation had ceased, the contents of the Warburg vessel were acidified hexos 
with 0.1 ml. of 5 n H.SO,. After removal of cells by centrifugation, the ~ iy 
supernatant solution and washings were made to volume and aliquots re- im 


activi 
moved for the determination of ethanol (8), glucose (9), and lactic acid —_ 
(10). The analyses indicated that in all the experiments the total added 


Experi- 
hexose was fermented. ment 
The CO, released during the fermentation of the C'*-hexose was col- 

‘ lected in alkali and assayed as previously described (3). The cells were sail. 
removed by centrifugation and washed with two 2 ml. portions of water. 9 
The supernatant liquid plus washings was adjusted to pH 8 and the ethyl 3 
alcohol collected by distillation. The alcohol was either converted to CO; 4 
by persulfate oxidation (il) or oxidized to acetic acid with 0.5 gm. of 5 
K»Cr.07 in 4 N H2SO,. The acetic acid was degraded by the method of ; 
Phares (12). Since the amount of lactic acid formed was too small for 8 


| 


assay of radioactivity, it was discarded. 
All C™ samples were assayed as barium carbonate with a methane flow 
8 proportional counter (13). Du 
The glucose-1-C", glucose-2-C", and fructose-1,6-C“ were kindly fur- | ™° 
nished by Dr. H. Isbell of the National Bureau of Standards. The glucose- cific a 
6-C was kindly supplied by Dr. J. C. Sowden, Washington University, Ethau 
St. Louis. The glucose-3 ,4-C“ was prepared from rat liver glycogen (14). hand, 
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Results 
The products of glucose fermentation by resting cell suspensions of P. 
lindneri are shown in Table I. The yields of products in these experiments 
are essentially the same as those obtained with growing cultures (5). 


TABLE I 
Products of Glucose Fermentation by Resting Cell Suspensions of P. lindneri 


Per Warburg vessel, 0.3 ml. of 0.6 m phosphate buffer, pH 6.0, 0.1 ml. of 0.1 m 


glucose, 0.5 ml. of cell suspension (10 mg. of dry weight), water to 3 ml.; atmosphere 
N;; 30°. 











Glucose used, ww........... Rs Shag Oe el 10 10 
Products formed | 
“ae uatinccddaicieensicg obit Cln 3 | 18.0 | 18.0 
Go 2. iw pcuh ou dm masini 18.9 19.6 
Lactate, um... se Fo is er ee 0.55 0.51 
Carbon recovery, %..... Pe wo Pe 95.9 97.9 
Oxidation-reduction balance................ 0.95 0.92 





TABLE II 


C4-Glucose and C-Fructose Fermentation with P. lindneri; Total 
Oxidation of Ethanol 


Per Warburg vessel, 0.3 ml. of 0.6 m phosphate buffer, pH 6.0. 0.1 ml. of 0.1 m 
hexose, 1.0 ml. of cell suspension (20 mg. of dry weight), water to 3 ml.; atmosphere 
N.; 30°. After fermentation, 94 um of NasCO; and 67.5 um of ethanol added as car- 
rier. Specific activity is expressed in millimicrocuries per mg. of carbon; total 
activity, in millimicrocuries. 





Carbohydrate 

















| COz Ethanol 
Experi- | ae Ss ow i 
ment [——— : i TE ag. By ee 
No. Label | Specific Total Specific Total Specific | Total 
| activity | activity activity | activity | activity | activity 
1 Glucose-1-C™4 | 20.8 | 15.0 | 76.5 | 15.8 | 0.15 | 0.05 
2 “ | 20.8 | 15.0 | 74.5 | 15.6 | 0.20 | 0.09 
3 Glucose-6-C™ 88.0 | 18.0 | 0.0 | 0.0 /119 14.1 
4 Glucose-3 ,4-C"™ 20.5 14.8 34.0 7.5 | 14.8 6.5 
5 sg 22.0 15.3 46.7 sa 
6 “ 22.0 | 15.3 | 42.6 | 8.8 | 
7 Fructose-1 ,6-C4 21.0 BA 1 BS 4 FA 1 UA 6.8 
8 \ 22 | 2.6 6.9 


| 


“s 21.0 | 15.0 28.6 


During fermentation of glucose-1-C", resting cell suspensions of P. lind- 
neri quantitatively converted the C' to C“O., with approximately the spe- 
cific activity predicted from carbon balances and preliminary observations. 
Ethanol contained only traces of the isotope (Table II). On the other 
hand, glucose-6-C™ yielded unlabeled CO, and labeled ethanol. The C4 
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of either glucose-3 ,4-C" or fructose-1,6-C appears in both CO: and } iothe 
ethanol, with about equal distribution. foc. 
Table III indicates that carbon 2 of glucose is converted to the carbinol A e 
carbon of ethanol, while carbon 6 serves as a precursor of the methyl car- | from t 
bon of ethanol. The data also show that the tracer in glucose-3 ,4-C" ap. 





























tion 1 

pears in both CO, and the methyl carbon of ethanol. sacchar 

workel 

Taste III of pyr 

C'4-Glucose Fermentation with P. lindneri; Degradation of Ethanol and 4. 

Per Warburg vessel, 0.1 ml. of 1 m phosphate buffer, 0.4 ml. of 0.5 m glucose, 2.0 ethanc 

ml. of cell suspension (40 mg. of dry weight), water to 5 ml.; atmosphere N;; 30°, Sons 
No carrier added. Specific activity is expressed in millimicrocuries per mg. of car- 

bon; total activity, in millimicrocuries. known 

= es ee a a schem\ 

Glucose | CO: | Ethanol anaero 

— | | cHon =| Ch conver 

nia Label | Sescife activity | sttivity | activity Specific “Total | Specific | Toul cleava 

omeny | activity activity activity serves 

1 2.CM 17.3 | 620 | 0.0 | 0.0 | 39.2 | 48.0 | 0.0| oo | Presun 

2 3,4-C¥ 14.0 | 15 $1] 25.4 | 7.3 | 0.68} 0.24| 15.5| 62 | (Ca 

3 -6-C"4 | 88.0 | 12 | 3.2 | 0.2 | 183 | 10.8 boxyla 

conve! 

tion a 

DISCUSSION of gluc 

Since the results with fructose-1,6-C were the same as those obtained } nol an 

with glucose-1-C" and glucose-6-C", the organism apparently metabolizes It is 

both sugars via the same pathway. charop 


Carbon dioxide is derived from carbon 1 (aldehyde carbon) and, pre- | cules | 
sumably, carbon 4 of glucose. The alcohol is derived from carbon atoms | lactic. 
2 and 6 and, by elimination, carbons 3 and 5 of glucose. The degradation } nate i: 
of the alcohol further demonstrates that carbon 6 and presumably carbon | beled : 


3 form methyl carbons, while carbon 2 and, by inference, carbon 5 form Cha 

carbinol carbons. mit a 
The data show that P. lindneri produces 1.8 moles of COs, 1.9 moles of 

ethanol, and 0.5 mole of lactic acid per mole of glucose fermented. Even The 


though the stoichiometry of hexose fermentation by P. lindneri approaches | They. 
a yeast type fermentation, it is evident that the pathway is not that of | glass « 
classical glycolysis. If the latter were operative in P. lindneri, C' from 
position 1 of glucose would be found in the methyl carbon of ethanol and 
not in the CO,. Although P. lindneri converts carbon 1 of glucose to CO; The 
and carbon atoms 2 and 3 to ethanol, as in the Leuconostoc fermentation, 


ad ; ; monas 
the two pathways exhibit a marked difference. Since carbon 2 is converted 
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tothe carbinol carbon by P. lindnert, and to the methyl carbon by Leuconos- 
toc. 

A consideration of the position of C in the CO: and ethanol derived 
from the variously labeled sugars suggests that the P. lindneri fermenta- 
tion may be closely related to the pathway of glucose oxidation of P. 
saccharophila recently demonstrated by Entner and Doudoroff (7). These 
workers demonstrated that P. saccharophila oxidizes glucose to 2 molecules 
of pyruvic acid, the carboxyl carbon arising from glucose carbon atoms 1 
and 4. Pyruvic acid formed in such a manner could give rise to CO, and 
ethanol labeled as found in the P. lindneri fermentation. 

Based on the tracer data obtained in these experiments and on well 
known pathways of carbohydrate dissimilation, at least two possible 
schemes of hexose degradation can be suggested for P. lindneri: (1) an 
anaerobic hexose monophosphate pathway in which glucose-6-phosphate is 
converted to CO, (C-1) and a pentose phosphate (15), followed by a C.-C; 
cleavage of the pentose (16). The C,-fragment (C-2 and C-3 of glucose) 
serves as precursor for one of the ethanol molecules, while the C; moiety, 
presumably triose phosphate, is then converted to CO2 (C-4) and ethanol 
(C-5 and C-6) via the known enzyme system, which includes pyruvic car- 
boxylase (6); (2) an anaerobic hexose monophosphate mechanism which 
converts glucose-6-phosphate to 6-phosphogluconate, followed by dehydra- 
tion and cleavage of the latter (15) into pyruvic acid (C-1, C-2, and C-3 
of glucose) and triose phosphate, both of which may be converted to etha- 
nol and CO, by known enzyme systems. 

It is evident that lactic acid formed from glucose-1-C™ by the P. sac- 
charophila pathway would be radioactive provided the 2 pyruvate mole- 
cules produced from each glucose could be equilibrated, in contrast to 
lactic acid produced by a pathway involving a cleavage of 6-phosphogluco- 
nate into CO, and unlabeled pentose phosphate. However, sufficient la- 
beled sugar was not available to test this point. 

Characterization of the enzymes involved is in progress and should per- 
mit a definitive choice of the operative mechanism. 


The authors wish to thank Mr. Harold Wolin for his able assistance. 
They also wish to thank Mr. Irvin A. Meyer for aiding in the design of the 
glass equipment used in the degradation procedures. 


SUMMARY 


The anaerobic dissimilation of glucose by resting suspensions of Pseudo- 
monas lindneri yields 1.8 moles of CO2, 1.9 moles of ethanol, and a trace 
of lactic acid per mole of hexose fermented. The distribution of C™ in 
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the fermentation products has been investigated with glucose-1-C", glucoge. 
2-C'4", glucose-3 ,4-C™, glucose-6-C™, and fructose-1 ,6-C". The results ob. TC 
tained have led to the following conclusions: 
1. CO: arises from carbon atoms | (aldehyde carbon) and 4 of glucose, 
2. Carbon atoms 2, 3, 5, and 6 of glucose enter ethanol; carbon atoms ? 
and 5 become the carbinol carbons of ethanol. (From 
3. Fructose and glucose were fermented by the same pathway, since 
fructose-1 ,6-C yielded C“O.- and methyl-labeled ethanol which was simi- 


lar to that found with glucose-1-C™ and glucose-6-C*. It | 
4. The conversion of glucose to CO, and ethanol by P. lindneri involves | their 
a mechanism differing, at least in part, from both the Embden-Meyerhof- | captu 


Parnas glycolytic scheme and the Leuconostoc mesenteroides hexose mono- | merce 
phosphate pathway. A consideration of the tracer data suggests a mech- }| dosag 
anism similar to the aerobic pathway of glucose oxidation in Pseudomonas | _ isolat 


saccharophila. hydrc 
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TOTAL MERCAPTURIC ACID SYNTHESIS BY LIVER AND 
KIDNEY* 


By GORDON C. MILLS anp JOHN L. WOOD 


(From the Department of Biochemistry, University of Tennessee, Memphis, Tennessee) 
(Received for publication, November 17, 1953) 


It has been known since 1879 that certain aromatic hydrocarbons and 
their halogen derivatives may be converted by the animal body to mer- 
capturic acids as well as to various hydroxylated derivatives (1,2). The 
mercapturic acids generally have been isolated from the urine after high 
dosage of the hydrocarbon precursors. Synthesis of a mercapturic acid by 
isolated tissues has not been reported previously, although metabolism of 
hydrocarbons by oxidation to hydroxylated derivatives has been demon- 
strated. Benzene was converted to phenol by isolated livers (3) and naph- 
thalene to dihydrodihydroxy derivatives by rat liver slices (4). We con- 
sidered the possibility that with small dosage levels no mercapturic acid 
would be formed by metabolic reactions, owing to competition by the 
more biologically economical reactions of oxidation. Ina test of this hy- 
pothesis in the intact animal, however, we found that the relative amounts 
of mercapturic acid and hydroxy derivatives which were produced were es- 
sentially independent of the dosage level (5). The present report describes 
the conversion of iodobenzene-I'*! to p-iodophenylmercapturic acid by slices 
of rat liver and kidney. An ethereal sulfate and glucuronide yielding p- 
iodophenol on hydrolysis have also been detected. 


EXPERIMENTAL 


Iodobenzene was labeled with I'* as described previously (5). An addi- 
tional distillation of the compound in vacuo yielded a product with less than 
0.2 per cent of non-volatile impurities. Transfer of iodobenzene to methyl 
Cellosolve was effected by adding 3.5 ml. of a 6:1 carbon tetrachloride- 
methyl Cellosolve solution to 15 ml. of a solution of iodobenzene in pe- 
troleum ether. The petroleum ether and carbon tetrachloride were then re- 
moved in vacuo at 0°. If carbon tetrachloride was omitted, the solution 
separated into two phases during evaporation with resultant loss of much of 
the radioactive iodobenzene. 

For incubation experiments, difficulty was encountered in bringing the 
iodobenzene into proper contact with the tissue slices. Methyl Cellosolve 
has been used as a solvent for naphthalene in similar experiments, but it 

* This investigation was supported in part by a research grant from the National 


Cancer Institute of the National Institutes of Health, United States Public Health 
Service. 
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would not keep iodobenzene in solution when added to a Krebs-Ringer _— 
buffer. The iodobenzene was satisfactorily dispersed when added in methyl astio 
Cellosolve solution to rat plasma. When 0.26 mg. of radioactive iodoben- din 
zene in 0.25 ml. of methyl Cellosolve was added to 7 ml. of rat plasma, Some, 
only 8.5 per cent of the iodobenzene was lost by volatilization during a 99 addec 
minute incubation period at 37°. However, appreciable dilution of the ine 
plasma with 0.9 per cent saline greatly reduced its capacity to hold the iodo. me ans 
benzene. . in 
A typical incubation experiment is described in Table I. The samples rifica 
were shaken at 37° with 95 per cent oxygen and 5 per cent carbon dioxide as eaptu 
TaBLeE [ from 
Distribution of Radioactivity in Liver Slice Incubations vi 
Incubation system captu 
2g ‘Viable slices ‘ Boiled slices 
7 c.p.m. X 104 c.p.m. X 104 
Iodobenzene originally present........... .. | 1490 1490 wae 
” lost during incubation......... 980 930 
Water-soluble products..................... 9.0 5.7 es 
Glucuronide metabolite................... | Fs 0 
Ethereal sulfate metabolite............... 0.58* 0.0 
ee 0.31 0.15 
p-lodophenylmercapturic acid.......... 0.061 0.00 
Viable slice system, 2.2 gm. of rat liver slices, 4 ml. of 0.9 per cent NaCl, 6 ml. of 
iodobenzene-plasma solution. 3 hour incubation. *7T 
Boiled slice system, 2.2 gm. of boiled rat liver slices, 4 ml. of 0.9 per cent NaCl, was p 
6 ml. of iodobenzene-plasma solution. 3 hour incubation. tA 
* Calculated from the distribution of the radioactivity on the paper chromato- 
grams. extra 
' the gaseous phase. In the control experiment, the tissue slices in saline on 
were heated to 100° for 10 minutes prior to the addition of iodobenzene dis- Ts 
persed in the unboiled plasma. At the end of the incubation period, the taste 
slices were homogenized and the proteins were precipitated with 50 ml. of | oyste 
ethanol. The protein precipitates were washed twice with 10 ml. portions elie 
of ethanol, and the washes were combined with the original supernatant yleys 
fluid. This fraction was concentrated at 50° to about 5 ml. It was then | >, 
extracted four times with 3 ml. portions of diethyl ether to remove lipides | ipo , 
and unchanged iodobenzene. An aliquot of the aqueous phase was used for migh 
paper chromatograms. The p-iodophenylmercapturic acid spot on these | py, 
chromatograms was obscured by the large amount of decomposition pro- | jem, 
ducts of iodobenzene which are mentioned below. Consequently it was Py 
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necessary to use a different technique for the mercapturic acid determi- 
nation. The remainder of the water solution was acidified with 0.1 volume 
of concentrated HCl and extracted six times with 3 ml. portions of chloro- 
form. Approximately 20 mg. of carrier p-iodophenylmercapturic acid were 
added to each of the chloroform extracts, the chloroform was distilled, and 
the mercapturic acid was crystallized from the residues. For purification, 
recrystallization was carried out successively from water, from a neutralized 
sodium hydroxide solution, and from an acetone-water mixture. This pu- 
rification procedure removed all of the radioactivity from the carrier mer- 
capturic acid obtained from the control system, while the mercapturic acid 
from the viable incubation mixture had a specific activity of 48 c.p.m. per 
um. Repetition of the above crystallization sequence reduced the specific 
activity of this sample to 45.¢.p.m. The radioactivity of the purified mer- 
capturic acid carrier accounted for 20 per cent of the I'* in the chloroform 


TaBLe IT 
Constant Solubility Purity Test for p-Iodophenylmercapturic Acid 








Time Radioactivity of solution* 
| 
Ae hrs. | c.p.m. per 0.5 ml. 
4 16 
5.5 19 
6.5T 
11 20 











* The solvent was 2 ml. of water at 37°. p-Iodophenylmercapturic acid (2.90 mg.) 
was present initially. 
t Additional mercapturic acid (2.50 mg.) was added at this time. 


extract. The product was subjected to a constant solubility test (6). 
Table II shows that with an allowance of 5 per cent counting error no im- 
purity was detected by this test. 

In each of two other incubation experiments the p-iodophenylmercap- 
turic acid of constant specific radioactivity was converted to p-iodophenyl- 
cysteine by heating the acetyl compound 2 hours with 6 Nn HCl under 
reflux. In both cases the specific activity of the recrystallized p-iodophen- 
yleysteine was about 20 per cent below that of the mercapturic acid. 
The retention of radioactivity through the chemical reaction confirmed 
the original synthesis of mercapturic acid. The decrease in radioactivity 
might have been due to a loss of iodine during the acid hydrolysis. Azouz, 
Parke, and Williams (7) found that the iodine of p-iodocatechol is readily 
removed by acid. 


Paper chromatograms of the aqueous concentrate of the incubation mix- 
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ture before chloroform extraction had two radioactive spots which were ab. | thesi2 
sent from the chromatogram of the control sample. The spots migrated to } the 0. 
the positions occupied by the first and fifth metabolites found in chro. 
matograms of urine of animals fed iodobenzene (5). Both spots likewise 


yielded p-iodophenol on hydrolysis and hence were, respectively, the glu- Th 
curonic acid and ethereal sulfate of p-iodophenol or possibly of a precursor, diluti 
dihydrodihydroxyiodobenzene. used 


The paper chromatograms of the aqueous concentrates showed a large } 8 ‘ 
amount of radioactivity in a position which did not correspond to any ur- slices. 
nary metabolites observed previously. This was found also on the chro. cific a 
matograms of the control incubation mixture and to a lesser extent on sion t 
chromatograms of an iodobenzene-plasma mixture which was not incu. | "Y- 








bated. The latter finding eliminated the compound from consideration asa The 
product of tissue metabolism. However, it was necessary to test whether | 5 © 
with 
TaB.e IIT the h 
p-Iodophenylmercapturic Acid Synthesis from Iodobenzene accep 
Experiment No. Tissue Weight of slices lodobenzene Mescaptutic acid metal 
present synthesized 

é _ | carbo 
| 7 “m ’ y rlatec 

1 Liver 2.2 141 0.031 . 
‘ * : . It was 
2 Kidney 1.2 95 0.018 p 
3t Liver 2.5 160 0.057 react 
ee : ae ae ee Me 
* Iodobenzene present at the close of the incubation period. binati 
t Coenzyme A (Pabst, equivalent to 0.13 mg. of pure coenzyme A), adenosinetri- It ha: 
phosphate (4.3 mg.), and 17 mg. of glucose were added to this incubation sample. one 


the substance could serve as a precursor of mercapturic acid and iodophenol. likewi 
This was done by collecting the water-soluble radioactive products from (9). | 
the boiled slice digest and from the plasma-iodobenzene mixture and using chem 
this material in a new incubation experiment with viable slices. After 3 howe 
hours of incubation, the products were fractionated as described above. chem: 
The proteins were precipitated and the aqueous solution was extracted with in the 
chloroform. Carrier p-iodophenylmercapturic acid was added to the chlo- The s 
roform extract and was recovered by crystallization. Two recrystalliza- of fu 
tions were sufficient to remove all radioactivity from the sample. A paper 
chromatogram of the original aqueous concentrate showed only the start- 
ing material. Ra 


The amounts of mercapturic acid formed in two experiments with liver from 
slices and one with kidney slices are shown in Table III. The increased | ™°V 
amount of mercapturic acid produced in the presence of adenosinetriphos- cific ‘ 
phate and coenzyme A is not at present considered significant. 

solat 


In another experiment, the amount of ethereal sulfate metabolite syn- 
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thesized by 2 gm. of liver slices in 3 hours was found to be 1.2 per cent of 
the 0.3 mg. of iodobenzene used. 


DISCUSSION 


The isolation of mercapturic acid from incubation mixtures by isotopic 
dilution constitutes the evidence for synthesis in vitro. Two criteria were 
used to demonstrate that the radioactivity in the isolated carrier substance 
was due to p-iodophenylmercapturic acid-I'*' synthesized by the tissue 
slices. After the carrier compound had been crystallized to constant spe- 
cific activity, it was subjected to the constant solubility test, or to conver- 
sion to a derivative with retention of a substantial amount of radioactiv- 
ity. 

The predominance of iodophenol derivatives produced by the liver slices 
as compared to mercapturic acid production is contrary to results obtained 
with the intact animal. A relationship of mercapturic acid formation to 
the hydroxylation reactions has never been proved, and it is now generally 
accepted that the two types of derivatives arise from different pathways of 
metabolism. Hydroxylation is a more general reaction, since many hydro- 
carbons, particularly those of the carcinogenic type, are readily hydrox- 
ylated, but are not converted to mercapturic acids. In the present study 
it was observed that liver slices were able to carry out the hydroxylation 
reaction more readily than the mercapturic acid synthesis. 

Mercapturic acid synthesis is obviously a two-step process involving com- 
binations between the aromatic ring, cysteine, and the acetyl fragment. 
It has been shown previously that the animal body can acetylate an aryl- 
cysteine as the final step of synthesis (8). Gutmann and Wood have shown 
likewise that the acetylation step can be performed by liver or kidney slices 
(9). Acetylation is a common reaction in biological as well as organic 
chemistry. The conjugation of the aromatic ring with the sulfur moiety, 
however, is a biological reaction for which no counterpart exists in organic 
chemistry. The actual mechanisms and intermediate compounds involved 
in the attachment of the cysteine sulfur to the aromatic ring remain obscure. 
The synthesis of mercapturic acids by an in vitro system provides a means 
of further study of the reaction. 


SUMMARY 


Rat liver and kidney slices synthesized p-iodophenylmercapturic acid 
from iodobenzene-I'*! dispersed in rat plasma. The mercapturic acid was 
recovered after addition of carrier and was crystallized to constant spe- 
tifie activity. The constant solubility test and conversion to radioactive 
p-iodophenyleysteine were used as criteria for the identification of the 
isolated radioactive compounds. 
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A larger portion of the iodobenzene-I"*! was converted by the liver slices 
to glucuronide and ethereal sulfate conjugates yielding p-iodophenol on hy. 
drolysis. Of these two conjugates, the glucuronide was found in larger 
amounts. 
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The precursor relationship of orotic acid to nucleic acid pyrimidines 
studied in Neurospora mutants by Mitchell and Houlahan (1) has been 
supported by nutritional and isotope studies with microorganisms (2, 3) 
and mammals (4). Hurlbert (5) showed that C-labeled orotic acid was 
incorporated into the acid-soluble uridine-5’-phosphate of mammalian tis- 
sue with little dilution of activity, implicating the latter compound as an 
intermediate in the conversion of orotic acid to nucleic acid pyrimidines. 
The work of Merrifield and Woolley (6,7) demonstrated the replacement of 
the pyrimidine growth requirement of Lactobacillus helveticus 335 for uracil 
by polynucleotides in which the 5’-hydroxyl group of cytidine was in 
phospho diester linkage. 

The experiments reported here were undertaken to establish the relation- 
ship of pyrimidine mono- and polynucleotides to the orotic acid growth 
requirement of Lactobacillus bulgaricus 09. It was found that uridine-5’- 
phosphate and polynucleotides in which uridine is phosphorylated in 
monoester linkage in the 3’ (or 2’) position and in diester linkage through 
the 5’-hydroxyl support growth of the microorganism in molar concentra- 
tions equivalent to orotic acid. Under similar conditions uracil, uridine, 
and uridylic acids a and b, in agreement with previous studies (2), did not 
support growth. An additional finding of interest is the growth-promot- 
ing activity of the cyclic uridine-2’ ,3’-phosphate recently synthesized by 
Brown, Magrath, and Todd (8). 


EXPERIMENTAL 


L. bulgaricus 09, obtained from Dr. I. C. Gunsalus and Dr. L. D. Wright, 
was maintained in milk broth medium and transferred three times weekly. 
Ihnocula were prepared by making a 1:50 dilution of the broth culture in 
sterile 0.15 m NaCl solution. 1 drop of inoculum was added to each assay 
tube containing 5 ml. of final medium. The basal medium was that de- 
scribed by Wright et al. (2), with the exception that purines and pyrimi- 
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dines were omitted. The amount of growth was determined after 24 to 3g Uri 
hours incubation at 36° by density reading in the Klett colorimeter with | yma’ 
the 660 muy filter. Purifi 


Polynucleotides were prepared by degrading yeast nucleic acid with | uridy! 
crystalline ribonuclease which, as shown by Cohn et al. (9) and Markham | deoti 
and Smith (10), results in the formation of pyrimidine b mononucleotides | (13). 
and polynucleotides in which pyrimidine 6 nucleotides are in terminal | treat 
position. Fractionation of the enzymatic digests was achieved by the The 
method of Cohn et al. (9), the 2 per cent cross-linked anion exchange resin | with ¢ 
being employed. The dinucleotide fractions, corresponding to adenyl- | in th 
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Fic. 1. Growth response (density in Klett units at 660 my) of L. bulgaricus 09 at from 
24 hours as a function of concentration (micromole per 5 ml. of assay tube) of added _ 
nutrilite. Curve 1, orotic acid; Curve 2, uridine-5’-phosphate; Curve 3, 5’-(b(or a)- 7 P 
adenylyl)-uridylic acid; Curve 4, uridine-2’,3’-phosphate. until 
cent | 


cytidylic acid, guanyleytidylic acid, adenyluridylic acid, and guanyluridylie 
acid peaks described by Cohn et al. (9), were separated and characterized 
by enzymatic and chemical degradations followed by paper chromatog- As 
raphy (6,9). Several fractions corresponding to tri- and tetranucleotides | Pot: 
containing uridylic acid were separated but not completely characterized. | °™P 
For microbiological testing, fractions from the ion exchange column were uridis 
neutralized and, when necessary, concentrated by vacuum distillation. | Prev! 
All polynucleotide fractions which contained uridylie acid promoted | > iso 
growth, whereas those containing cytidylic acid were inactive. A solid phate 
sample of pure 5’-(b (or a)-adenylyl)-uridylic acid prepared and charac- | Pe t 
terized by Merrifield and Woolley (6) was generously supplied by Dr. earbe 
Merrifield. The data of Fig. 1 were obtained from experiments in which iT 
this sample was employed. MgSO 
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Uridine-5’-phosphate and cytidine-5’-phosphate were isolated from en- 
gymatic digests of ribonucleic acid by the method of Cohn and Volkin (11). 
Purified uridylic acids a and b were prepared by isomerization of commercial 
uidylic acid and purified by column chromatography (12). Desoxynu- 
deotides were prepared from enzymatic digests of desoxyribonucleic acid 
(13). Desoxyuridylic acid was prepared from desoxycytidylic acid by 
treatment with nitrous acid (14). 

The cyclic nucleotides were prepared as described by Brown et al. (8), 
with either commercially prepared mononucleotides as starting material or, 
in the case of the preparation of P*-labeled compounds, ribonucleotides 
isolated from Escherichia coli grown in the presence of P® inorganic phos- 
phate. The latter were prepared as follows. JL. coli was grown in 3 liters 
of glucese-salts medium,' buffered at pH 7.2 with 0.05 m tris(hydroxy- 
methyl)aminomethane and contained 3 mm of inorganic phosphate labeled 
with 10 me. of P®*. Cells were harvested after 24 hours by centrifugation. 
After being washed twice with cold 10 per cent trichloroacetic acid (TCA), 
they were suspended in 3 ml. of 1 N NaOH and left at room temperature 
for 15 hours. The cooled suspension was then treated with cold TCA 
(5 per cent), centrifuged, and the supernatant solution extracted several 
times with ether. The aqueous phase was then resolved into the ribo- 
nucleotides by anion exchange (15). About 20 um of each nucleotide, 
with an activity of 5.0 K 10° ¢.p.m. per um, were recovered. All deter- 
minations of radioactivity were made on 1 ml. aqueous solutions of the 
sample with a thin end window Geiger tube. 

A similar procedure was followed in the isolation of the ribonucleotides 
from L. bulgaricus and E. coli grown on labeled nucleotides, with the 
exception that the initially harvested cells were washed with cold TCA 
until the total counts extracted in this way had fallen to less than 3 per 
cent of those in the residue. 


Results 


As shown in Fig. 1, three different classes of uridine phospho esters sup- 
port growth of L. bulgaricus 09 in approximately equimolar concentration 
compared with orotic acid. Of the three isomeric uridylic acids, only 
uridine-5’-phosphate supported growth (Fig. 1). Wright et al. (2) had 
previously reported that uridylic acid, presumably a mixture of the a and 
b isomers, was inactive. Cytidine-5’-phosphate, desoxycytidine-5’-phos- 
phate, and desoxyuridine-5’-phosphate were inactive at levels up to 5 um 
per tube, thus demonstrating specificity for the aglycone as well as the 
carbohydrate phospho ester moiety. It was also found that uridine-5’- 


‘The glucose-salts medium contained, per liter, glucose 12 gm., Na citrate 0.5 gm., 
MgSO,-7H;O 0.1 gm., and (NH,)2SO, 5 gm. 
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phosphate could replace orotic acid at the same time that desoxyribosides As sh 
(desoxyadenosine and thymidine) substituted for the vitamin By: require. 


° é poun¢ 

ment of this organism. acid 
. . . —* ’ 
Uridine-2’ ,3’-phosphate, as shown in Fig. 1, was of the same order of the it 
activity as the other uridylates at the lower levels of concentration, but doml 


was found consistently to give a comparatively lower response at higher E. col 
levels. Neither the cyclic nucleotide of cytidine nor that of guanosine | media 
could replace orotic acid. The ethyluridine phospho diester, described by 














phos 
- . equili 
2) ae incor 
Incorporation of P**-Labeled Nucleotides into L. bulgaricus 09 and E. coli 
L. bulgaricus 09 E. coli 
———— —|— Po 
| oe oo ‘phosphate | Guanylic acid | Guanylic acid phate 
—_—— | ~~ |——_— }_ throu 
Specific activity, test ¢compound* 7,400 177 ,000 152,000 170,000 acids 
Concentration, um per l. | 100 5.4 9.6 5.4 ester 
a inorganic P, um per l.| 16,000 16,000 16 ,000 62,000 +s 
wie 2 | tivit} 
Specific activity 
Cytidylic acid 900 610 1,390 7.5 conee 
Adenylic  “ | 1,130 850 1,500 17.7 | phos 
Uridylic “ 950 690 1,450 9.4 | unidi 
Guanylic ‘“ 710 1,365 9.8 bilit; 
“ cela + 4 | 
Average dilution of activity...... 7.5 250 105 15,500 havi 
Calculated maxima! dilutiont.... 160 3,000 1,670 11,500 ‘ 
cone ot ee ree. sel Jj SS ae 
* In counts per minute per micromole of nucleotide. may 
¢ Expected dilution if complete equilibration with medium P had occurred = speci 
micromole medium P _ dine 
micromole test compound 
prese 
, ; : bie nis ; tives 
Brown et al. (8) and formed as a by-product in the cyclic uridylic acid 7 
synthesis, was not active. 
‘= aecacc | u6)| f xrelice mAawhe ani » ¢ ele a0) phos 
o assess the réle of the cyclic uridylic acid as a nucleic acid precursor Lb 
. " . » oO 
further, cells were grown in the presence of the P**-labeled compound ina util 
medium containing no other pyrimidine source. The data on the isolated whic 
ribonucleotides (Table I) indicate a random incorporation of isotope with . 
the over-all dilution of about 7-fold. If the labeled nucleotide phosphate of th 
had equilibrated with medium inorganic phosphate prior to incorporation al 
into ribonucleic acid, the dilution expected would have been twenty-one the 
times greater. A further study of this result was made by growing the labe 
organism with P*-labeled guanylic acid (a and b) and guanosine-2’ ,3’- see 
phosphate with orotic acid as the pyrimidine source (260 um per liter). sim; 
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As shown in Table I, the results obtained with these non-required com- 
pounds were similar to those obtained with the nutrilite, cyclic uridylic 
acid, in that the P** of the labeled phospho ester did not equilibrate with 
the inorganic phosphate of the media, although it was incorporated ran- 
domly into the nucleic acid phosphate. An experiment performed with 
E. coli, in which cyclic guanylic acid was added to the usual glucose-salts 
medium, resulted in a random distribution of isotope in the ribonucleotide 
phosphate with the very high dilution of activity that one would expect if 
equilibration with medium inorganic phosphate had occurred prior to 
incorporation into the nucleic acid. 


DISCUSSION 


Polynucleotides with terminal uridylic acid groups and uridine-5’-phos- 
phate have in common the structure of uridine esterified with phosphate 
through the pentose C-5 hydroxyl. Since uracil, uridine, and uridylic 
acids a and b do not support growth of L. bulgaricus 09, the 5’-phospho 
ester of uridine appears to be a structural requirement for biological ac- 
tivity. However, the uridine cyclic phospho ester promotes growth at 
concentrations approximately equimolecular with the other active uridine 
phosphates and the structure of this compound has been determined as 
uridine-2’ ,3’-phosphate (8). Alternative explanations include the possi- 
bility that the cyclic phospho ester is metabolically transformed to a 
5'-phospho monoester or that all three types of active uridine phosphates, 
having in common the ability to form new phospho diester linkages, directly 
participate in the enzymatic synthesis of ribonucleic acid. Both schemes 
may be operative. Also, permeability factors cannot be ignored since 
specific enzymatic systems may be required for assimilation of the pyrimi- 
dine into the cell, a prerequisite for subsequent nucleic acid synthesis. At 
present there is no experimental basis for selection among these alterna- 
tives. 

The experiment in which uridine-2’ ,3’-phosphate labeled with isotopic 
phosphorus was employed as the sole pyrimidine growth requirement for 
L. bulgaricus, in media containing inorganic phosphate, demonstrates the 
utilization of nucleotide phosphate for nucleic acid synthesis by a route 
which does not involve equilibration with inorganic phosphate of the media. 
However, randomization of the isotopic phosphate among the nucleotides 
of the ribonucleic acid isolated from the bacteria indicates either extensive 
metabolic rearrangement of the nucleic acid subsequent to incorporation of 
the labeled pyrimidine nucleotide moiety or prior degradation of the 
labeled nucleotide to a carbohydrate phospho ester which is a common 
precursor of nucleic acid phosphorus. Comparison of these data with 
similar experiments conducted with P*-labeled guanylic acid (a and 4) 





706 PYRIMIDINE PRECURSORS 


and guanosine-2’ ,3’-phosphate indicates that this pattern of randomiz.}| * Col 


tion and utilization may be general for nucleotide phosphorus in L. by. 10 *, 
garicus. The data of Table I bearing upon the experiments with L.] 1) Co 


bulgaricus show that, for P**-labeled uridine-2’ ,3’-phosphate, guanylic acid | 12. Co 
(a and b), and guanosine-2’ ,3’-phosphate, the isotopic phosphorus of the | 13. Vo 
nucleotide is incorporated into the nucleic acid in a random manner, with. it. Sh 
out equilibrating with the inorganic phosphate of the media and, when a - 
the factor of concentration of labeled precursor is considered, with roughly a 
similar dilutions. That lactobacilli may utilize nucleotide phosphorus 
from media through a specific mechanism was shown by studies on the 
nucleotide requirement of Lactobacillus gayonii (16). 

The ability of uracil ribonucleotides to satisfy the total pyrimidine re- 
quirement of L. bulgaricus 09 is of interest in view of the fact that orotic 
acid, which it replaces, is a precursor of desoxyribonucleic acid (DNA) as 
well as ribonucleic acid (RNA) pyrimidines in all other organisms studied, 
Unfortunately, data on the synthesis of DNA pyrimidines from orotic acid 
in this organism are not yet available. However, it may be surmised that 
those compounds able to replace orotic acid also give rise to the DNA 
pyrimidines. 


SUMMARY 


1. The orotic requirement of Lactobacillus bulgaricus 09 is replaced in 
near equimolar amounts by uridine-5’-phosphate, polynucleotides contain- 
ing uridine-5’-phosphate as a component, and uridine-2’ ,3’-phosphate. 

2. P-labeled uridine-2’ ,3’-phosphate is incorporated from the growth 
medium into the RNA nucleotides in a random fashion in a manner pre- 
cluding an equilibration with the inorganic phosphate of the medium. 
Similar results were obtained when P*-labeled guanosine-2’ ,3’-phosphate 
and guanylic acid were employed. An analogous study with Escherichia 
coli indicated complete equilibration of isotopic phosphate of guanylic 
acid with the inorganic phosphate of the medium. 
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A SIMPLIFIED PHOTOMETRIC ANALYSIS FOR SERINE 
AND FORMALDEHYDE* 


By WILHELM R. FRISELL, LLOYD A. MEECH, anp COSMO G. MACKENZIE 


(From the Department of Biochemistry, University of Colorado School of Medicine, 
Denver, Colorado) 


(Received for publication, October 23, 1953) 


During the course of our studies on the oxidation of N-methyl com- 
pounds by mitochondrial and washed particulate fractions of rat liver (1-3), 
it beeame necessary to devise a serine analysis which was more sensitive 
and less time-consuming than the then existing procedures. Nicolet and 
Shinn (4, 5) had employed a titrimetric measurement of the formaldehyde 
liberated from serine by the classical periodate-oxidation reaction, and this 
method was subsequently adapted to visual colorimetry by Boyd and 
Logan (6). However, neither of these procedures is suitable for rapid 
multiple determinations nor for the analysis of serine in quantities of less 
than 1 mg., principally because the formaldehyde is distilled from the 
reaction mixture before measurement. With the present photometric 
method which eliminates distillation, it has been possible to increase the 
sensitivity of the determination about 10-fold and also to permit multiple 
analyses to be carried out rapidly with an accuracy of 3 per cent. This 
procedure has been used extensively in small scale enzymatic experiments 
with mitochondrial and liver sediment preparations. Moreover, formal- 
dehyde produced enzymatically in such preparations has also been deter- 
mined directly without recourse to distillation. 


Methods and Procedure 
Reagents— 
Trichloroacetic acid, Baker’s analyzed, c.p., 10 and 20 per cent solutions 
in water. 
Sodium hydroxide, Mallinckrodt, analytical reagent, 5 N in water. 
Methyl red, Baker’s, half saturated solution in 0.05 n HCl. 
Sodium metaperiodate, Baker’s analyzed, c.p., 0.075 m in water. 


Sodium bisulfite, Meta, Baker’s analyzed, c.p., 10 per cent solution in 
water. 


Serine, Mann Fine Chemicals, Inc. 
Formaldehyde Standard—Stock solutions may be made either by the 
quantitative acid hydrolysis of triple sublimed hexamethylenetetramine 
* The work reported in this paper was supported in part by a research grant from 
the National Institutes of Health, United States Public Health Service. 
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During the course of our studies on the oxidation of N-methyl com- 
pounds by mitochondrial and washed particulate fractions of rat liver (1-3), 
it beeame necessary to devise a serine analysis which was more sensitive 
and less time-consuming than the then existing procedures. Nicolet and 
Shinn (4, 5) had employed a titrimetric measurement of the formaldehyde 
liberated from serine by the classical periodate-oxidation reaction, and this 
method was subsequently adapted to visual colorimetry by Boyd and 
Logan (6). However, neither of these procedures is suitable for rapid 
multiple determinations nor for the analysis of serine in quantities of less 
than 1 mg., principally because the formaldehyde is distilled from the 
reaction mixture before measurement. With the present photometric 
method which eliminates distillation, it has been possible to increase the 
sensitivity of the determination about 10-fold and also to permit multiple 
analyses to be carried out rapidly with an accuracy of 3 per cent. This 
procedure has been used extensively in small scale enzymatic experiments 
with mitochondrial and liver sediment preparations. Moreover, formal- 
dehyde produced enzymatically in such preparations has also been deter- 
mined directly without recourse to distillation. 


Methods and Procedure 
Reagents— 
Trichloroacetic acid, Baker’s analyzed, c.p., 10 and 20 per cent solutions 
in water. 
Sodium hydroxide, Mallinckrodt, analytical reagent, 5 N in water. 
Methyl red, Baker’s, half saturated solution in 0.05 n HCI. 
Sodium metaperiodate, Baker’s analyzed, c.p., 0.075 m in water. 


Sodium bisulfite, Meta, Baker’s analyzed, c.p., 10 per cent solution in 
water. 


Serine, Mann Fine Chemicals, Inc. 
Formaldehyde Standard—Stock solutions may be made either by the 
quantitative acid hydrolysis of triple sublimed hexamethylenetetramine 
*The work reported in this paper was supported in part by a research grant from 
the National Institutes of Health, United States Public Health Service. 
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or by diluting Mallinckrodt 37 per cent (analytical reagent) formaldehyde | DU, 
and standardizing this solution gravimetrically with dimedon (7). These | 800-3 
two methods have been shown by the chromotropic acid-photometric anal. 
ysis to agree within 0.1 per cent. 

Chromotropic acid, Eastman sodium 1 ,8-dihydroxynaphthalene-3 , 6-4)- Us 
sulfonate, recrystallized from 95 per cent ethyl alcohol (8). 0.5 gm. of the | perio 
purified salt is dissolved in 50 ml. of distilled water and 200 ml. of 125 } _ prese 


mM H.SO, (Baker’s analyzed). ture, 
Thiourea (alcohol-soluble), Eastman, half saturated water solution. ing f 
In 

Procedure form 


If the serine is present in a tissue particulate preparation such as a of " 
washed mitochondrial suspension, the mixture is first treated with an equal wey 
volume of 20 per cent trichloroacetic acid and centrifuged. An aliquot of _ 
the supernatant fluid containing 2 to 6 um of serine is transferred to a 25 acid 
ml. volumetric flask and, when necessary, enough water is added to bring -_ 
the volume to 3 ml.'_ With 1 drop of methyl red added to the solution, 5 Or 
n NaOH is pipetted dropwise to make the solution just basic to the in. | PO 
dicator. 1 ml. of 0.075 m NalIO, is added and after 5 minutes 10 per cent solu 
trichloroacetic acid is introduced dropwise to the exact acid end-point " 
of the indicator. 1 ml. of 10 per cent NaHSO; is then added, and the othe 
volume is brought to 25 ml. with distilled water. An aliquot equivalent 
to at least 0.1 um of original serine is transferred to a photometer tube ; 
and, when necessary, the volume is brought to 1 ml. with water. This an 
solution is then mixed with 10 ml. of chromotropic acid reagent and the with 
formaldehyde color is developed by heating in a boiling water bath. When beth 
the contents of the photometer tubes have reached bath temperature, the line 
optical density of the developing color becomes maximum in 20 minutes ~ 
and will remain constant even if the heating is continued as long as 90 “_ 


scril 


minutes. In all analyses reported in this paper, a 30 minutes heating -” 
period has been employed. After the solutions have been cooled to room — 
temperature, the optical densities will not change for at least 24 hours. ] 
1 ml. of half saturated thiourea-water solution is finally added to each tube -" 
to reduce to a minimum a red color contributed by the reagents. dra 
With the appropriate reagent “blank,” the photometric measurements fin 
are made with the Coleman junior spectrophotometer set at 570 mu. gv 
Identical results are obtained with the Beckman spectrophotometer, model the 
1 When greater sensitivity is desired, an aliquot containing 0.8 to 1.0 um of serine : 
is transferred to a 10 ml. volumetric flask and the volume is brought to 3 ml. The at 
remainder of the procedure is otherwise identical with that described above. Ex- ros 
cept for the higher blank reading, the results are the same as those to be described f 
with the larger quantity of serine. a 
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DU, set at this same wave-length, or with the Klett colorimeter, model 
300-3, with the green filter No. 54. 


EXPERIMENTAL 


Use of Arsenite and Bisulfite—In many of the published procedures for 
periodate oxidations, the reactions are carried out in alkaline solution in the 
presence of arsenite. Upon subsequent acidification of the reaction mix- 
ture, the excess periodate is readily reduced by this aisenite, thus prevent- 
ing further oxidation of the formaldehyde or any other desired product. . 

In our procedure, which eliminates distillation of the formaldehyde 
formed by periodate oxidation, the use of arsenite results in the formation 
of a non-reproducible cherry-red color upon the addition of the chromo- 
tropic acid reagent. Furthermore, the arsenic oxide produced from the 
action of the periodate forms a colloidal suspension in the chromotropic 
acid reagent when the photometer tubes are cooled, this colloid being 
completely soluble only above 60°. 

On the other hand, when bisulfite is used as the reductant for the excess 
periodate, as described under ‘‘Procedure,” the final chromotropic acid 
solutions do not undergo this colloidal reaction and are optically clear even 
at room temperature. Moreover, the “blank” color contributed by the 
other reagents becomes reproducible. 

Photometric Analysis of Serine As Formaldehyde—With the method de- 
scribed above, various amounts of serine in water were oxidized with 
periodate and the resulting formaldehyde was determined photometrically 
with chromotropic acid. It may be seen from Fig. 1 that the relationship 
between the Coleman or Klett readings and the serine concentrations is the 
linear function characteristic of Beer’s law.2, Moreover, when gravimet- 
rically standardized formaldehyde solutions were analyzed with chromo- 
tropic acid, the observed photometer readings coincided with those of the 
serine curve. These data provide evidence that with the present periodate 
procedure the serine is accounted for quantitatively as formaldehyde. 

Interference by Aldogenic and Carbonyl-Reactive Substances—A variety of 
a-amino alcohol groups, a-glycols, primary carbinol groups of carbohy- 
drates, and similar compounds can be oxidized by periodate (10). We 
find, for example, that commercial preparations of the following compounds 
give a chromotropic acid color after (but not before) periodate treatment, 
the results being expressed as micromoles of formaldehyde formed per 


* Except for a rather limited range of formaldehyde concentrations, this linear 
proportionality was not obtained by Boyd and Logan (6) in their visual colorimetric 
analysis of the formaldehyde derived from serine by periodate oxidation, nor by 
MacFadyen (9) in his formaldehyde analysis with the Coleman photometer. How- 
ever, the latter investigator did find the Beer’s law relationship to hold when a Beck- 
man spectrophotometer was employed. 
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micromole of compound: dimethylaminoethanol 0.055, methylamino. hom 
ethanol 1.6, ethanolamine 1.6, glyoxal 0.057, and threonine 0.066. Also, f acid 
whereas equimolar mixtures of formaldehyde and cysteine or homocysteine urea 
(5 to 10 um of each per ml. of solution) do not give a color upon analysis —  fere 
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Fic. 1. Photometric determination of serine as formaldehyde. The symbols for pel 
the photometer readings of the chromotropic acid solutions represent (@ ) formalde- pre 
hyde derived from the periodate oxidation of water solutions of serine, and (0) i 
formaldehyde in water. - 
ald 
with chromotropic acid, the oxidation of such mixtures with periodate by 
results in quantitative recovery of the formaldehyde. Caution must be 0 
exercised, therefore, in applying this method to materials which might be wh 
expected to contain such substances. It 
On the other hand, no formaldehyde was detected when the following 7 
compounds were heated with the chromotropic acid reagent before or after R 
periodate treatment: methionine, betaine, choline, creatine, creatinine, thi 








Wien 


amino- 

Also, 
ysteine 
nalysis 


ols for 
malde- 
id (O) 


iodate 
ust be 
zht be 


owing 
r after 
Linine, 











W. R. FRISELL, L. A. MEECH, AND C. G. MACKENZIE 713 


homocysteine, homocystine, guanidoacetic acid, ethanol, methanol, formic 
acid, DPN, cytochrome c, flavin-adenine dinucleotide, cysteine, cystine, 
urea, and monomethylamine. Moreover, these substances did not inter- 
fere with the oxidation of serine to formaldehyde. 

Analysis of Serine and Formaldehyde Formed in Mitochondrial Systems 
In our studies on the oxidation of the N-methyl groups of sarcosine and 
dimethylglycine in mitochondrial and washed particulate fractions of rat 
liver, the oxidation products of these methyl groups can be accounted for 
both as formaldehyde and as the 8-carbon of serine, these products being 


TaBLe [ 


Recovery of Serine and Formaldehyde from Supernatant Fluids of 
Denatured Mitochondria* 


—— — -— 








Added Recoveredt 
A uM uM 

Formaldehyde 0.180 0.180 

0.240 0.239 
Serine 0.120 | 0.119 

0.176 0.171 

0.180 0.180 

0.240 0.241 
Formaldehyde and serine 0.120, 0.120 0.121, 0.122 

0.120, 0.180 0.121, 0.175 








*The mitochondria were prepared in sucrose according to the procedure of 
Schneider and Hogeboom (12) and were washed three times with buffer, as described 
in a previous report (1). The mitochondrial suspension devoid of substrates was 
incubated 2 hours at 37° and was then treated with an equal volume of 20 per cent 
trichloroacetic acid. The supernatant fluid was obtained by centrifugation. 

¢ The maximal discrepancy among photometer readings in triplicate determina- 
tions was 1.5 per cent. 


present simultaneously (2, 3, 11). After first demonstrating that the 
periodate oxidation of the serine does not affect the formaldehyde already 
present, a differential analysis for such a mixture was devised in which one 
aliquot of a tissue particulate preparation is analyzed directly for its form- 
aldehyde content with chromotropic acid, while another aliquot is oxidized 
by periodate and then analyzed for formaldehyde. The molar difference 
in formaldehyde between the two determinations represents the serine 
which was present. Such an analysis is illustrated by the data of Table I. 
It may be seen that the formaldehyde and serine have been differentiated 
quantitatively when present as a mixture in the mitochondrial preparation. 

The chromotropic acid solutions obtained from the serine analyses in 
this same experiment were also studied in more detail with regard to their 
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spectral character and the data are summarized in Fig. 2. The measure. | extra 
ments were made with the Beckman spectrophotometer, model DU, at | _ posit 
slit width of 0.65 mu. The spectrum of the chromotropic acid color of the | this § 
formaldehyde formed from the serine under the conditions of this experi- itself 
ment, Curve 1, was found to be identical with the absorption curves re. date. 
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Fig. 2. Spectrophotometric absorption curves for the reaction of chromotropic 
acid. Curve 1, formaldehyde derived from periodate oxidation of serine in mito- cha 
chondrial extract, Curve 2, periodate-treated mitochondrial extract devoid of added alte 
serine or formaldehyde, and Curve 3, periodate reagent blank. The blanks are, abs 
for Curve 1, the chromotropic acid solution of the periodate-treated mitochondrial chr 
extract devoid of added HCHO or serine, for Curve 2, the chromotropic acid solution thi 
of the periodate reagent blank, and, for Curve 3, distilled water. ; 
ind 
e ° P ° : 
ported by Bricker and Johnson (8) and MacFadyen (9) in their detailed 
studies of the formaldehyde-chromotropic acid reaction. The “blank” hor 
used in obtaining Curve 1 was made by treating an aliquot of the super- 
natant fluid of the denatured mitochondria with the oxidation and chromo- qu 
tropic acid reagents in the same manner as the supernatant fluid containing tal 
the serine. When the color of this “mitochondrial blank” was then meas- wv 
ured against a “reagent blank,” prepared in precisely the same manner as th 
the other solutions except that water was substituted for the mitochondrial re 
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extract, the spectrum shown by Curve 2 was obtained. In so far as the 
positions of its absorption maxima are identical with those of Curve 1, 
this spectrum indicates that the washed mitochondrial preparation can of 
itself give rise to formaldehyde through the oxidative action of the perio- 
date. Hence, in the present method of serine analysis it is necessary to 
make all photometric readings against such a blank derived from the mito- 
chondrial extract. Curve 3 describes the spectrum of the “reagent blank” 
read against distilled water. 

When thiourea is added to the final chromotropic acid solutions in order 
to minimize a red “blank” color as described under “Procedure,” the 


TasBe IT 
Photometric and Isotope Carrier Analysis of Formaldehyde and Serine after 
Enzymatic Oxidation of Sarcosine-C“H3 

Warburg flasks with 2.4 ml. of 0.075 m potassium phosphate buffer, pH 7.8, con- 
taining 10 um of sarcosine-C'*H3 (7318 c.p.m. per uM) and mitochondria equivalent 
to0.5 gm. of rat liver incubated 2 hours; 37°. The supernatant fluid of the denatured 
reaction mixture was analyzed for CH.2O and serine photometrically (as under 
“Procedure’’) and by the isotope carrier technique.* All analyses were carried out 
in triplicate. 





Oxidation products as per cent incubated C“H; 





Photometric | lectepic 
ee ee 40+ 1 | 41.74 1.5 
er ee ey 62+ 1 53.1 + 0.8 





*C4H.O was isolated as the dimedon derivative (7) and radioserine as the salt of 
p-hydroxyazobenzene-p’-sulfonic acid (13). All of the activity of the serine was 
present in the 6-carbon. 


characteristic formaldehyde spectra shown by Curves 1 and 2 are not 
altered with regard to their over-all transmittancy or positions of the 
absorption maxima. Further spectrophotometric studies of the various 
chromotropic acid solutions described above showed that the action of the 
thiourea is concerned primarily with reducing a color contributed by the 
inorganic reagents themselves and not by the mitochondrial extract. 

Similar results have been obtained with the sediment fraction of liver 
homogenate. 

Verification of Photometric Method by Isolation of Radioserine—Although 
quantitative recoveries of added serine and formaldehyde had been ob- 
tained from inactivated mitochondria by the present method, additional 
evidence was sought for the specificity of the procedure in determining 
these products as they would be formed during the course of an enzymatic 
reaction such as the oxidation of sarcosine (3). Accordingly, the serine 
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and formaldehyde produced from the oxidation of sarcosine-C“H, by 
mitochondria’ were analyzed both photometrically as described above and 
by the isotope carrier technique, and the results are summarized in Table 
II.* The agreement between the two methods establishes the validity of 
the present photometric procedure of serine analysis. Moreover, the re- 
sults provide further evidence that the chromotropic acid method may be (Fron 
employed directly for the quantitative determination of formaldehyde in 
mitochondrial preparations. 
Ir 
SUMMARY edge 
A procedure is described for rapid and multiple determinations of serine forn 
in quantities of less than 10 um and with an accuracy of 3 per cent. In this cedt 
method the formaldehyde formed from the oxidation of the 6-carbon of A 
serine by periodate is measured directly by a photometric method without beet 
recourse to distillation. In the presence of added formaldehyde, the serine Si 
is determined by difference without loss of sensitivity or accuracy. the 
This method has been applied successfully to the quantitative analysis cent 
of serine and formaldehyde in the presence of mitochondrial and liver acid 
sediment preparations. Moreover, it has been shown that the radioserine was 
and radioformaldehyde isolated from radiosarcosine incubated with mito- T 
chondria are in agreement with the quantities determined by the photo- met 
metric procedure. pro 
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A MAGNETOCHEMICAL INVESTIGATION OF NUCLEIC 
ACID CONSTITUENTS 


By DONALD L. WOERNLEY 
(From the Research Department, Roswell Park Memorial Institute, Buffalo, New York) 


(Received for publication, July 15, 1953) 


In general, magnetic susceptibility data are useful for advancing knowl- 
edge which concerns the electronic configuration of molecules. Such in- 
formation supplements that gained from purely chemical and physical pro- 
cedures (e.g., x-ray diffraction and molecular spectroscopy). 

A number of specific applications of magnetochemical techniques have 
been reviewed by Pacault (1) and Smith (2). 

Since nucleic acids are very important biological materials involved in 
the metabolic and growth processes of normal and neoplastic cells, the 
central theme of the following investigative work was the study of those 
acids and of related compounds with the aid of magnetic techniques. It 
was deemed that new insight concerning these materials might be gained. 

The contributions of Pascal (3-5) and Pacault (6) supplied much funda- 
mental information essential to the interpretation of the results of this 
project. 


Procedure 


The main task was the determination of the magnetic susceptibilities of 
nucleic acid and of its constituents. Then, the plan of attack was to de- 
rive information by comparison of the calculated values of the susceptibili- 
ties with the experimental values. 

For the experimental determination of susceptibilities the Gouy (7, 8) 
method was employed. To secure high sensitivity, a type FDI micro- 
balance was adapted for this technique and used in conjunction with a 
high voltage, low current electromagnet. The latter was energized by a 
regulated power supply. Additional precautions taken to increase the ac- 
curacy of the measurements were the fashioning of the sample tube accord- 
ing to the design of Freed and Kasper (9) and the averaging of the force 
on the sample due to the field in one direction with that in the reversed 
direction. The latter precaution assisted in averaging out errors due to 
hysteresis and slight drift. 

To ascertain whether or not the apparatus was functioning properly, 
trial runs were conducted with K;Fe(CN). (1/30 m) and NaCl (1 m and 
solid). Also, the susceptibility of c.p. dextrose was determined over a 
wide range of magnetic field strengths. 
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Magn 
Magnetic susceptibilities were calculated from the experimental data | ~ 
from a modified version of the equation stated by Stoner (10). Values for 


° ° og eqe,6 ° ‘ Mz 
the diamagnetic susceptibilities were predicted by using Pascal’s systemat- ' 
ics. ise 

The difficulty in this type of experimental determination is the problem Cyto: 


of obtaining pure materials. A small quantity of a ferromagnetic impurity 
such as iron or iron oxide, or a somewhat larger portion of a paramagnetic Uraci 
impurity, will vitiate the results. When sufficient amounts of the sample 
were available, purifications were performed. However, for complex bio- 
logical substances (e.g., nucleic acids) denaturation and degradation are 
possible consequences of the purification procedure. The manufacturers’ 
products were purified according to procedures described by Levene and Ader 
Bass (11) and Jones (12). Several techniques were applied to ribonucleic : 
acid (RNA) (13, 14) and desoxyribonucleic acid (DNA) (15), but only ae 
partial removal of the iron resulted. 

With solid samples it is very difficult to obtain an accuracy in a suscepti- Urie 
bility measurement better than +2 per cent, even though the usual pre- 
cautions are complied with in packing the sample. Thus, in order to re- 
duce this error, averages were taken for eight packings of the sample tube. 


Thyr 


RESULTS AND DISCUSSION 

In calibrating the apparatus, a specific magnetic susceptibility value of 
x = 6.838 X 10~* at 24.4° was found for 1/30 m K;Fe(CN)6.. This cor- o-Ri 
responds to xv = +2251 X 10-® (16). If the latter is corrected for the 


diamagnetism of the potassium and cyanide components, the values be- »-Gl 
come xv = +2387 X 10-* and » = 2.39 Bohr magnetons. For 1 Mm and 
solid NaCl (17, 18), respectively, the experimental values were x = —0.503 Sue 


xX 10-* and —0.501 X 10-*. These are in accord with determinations 
found in the literature. Over a range of electromagnet currents of 200 


to 700 ma. the maximal variation of the susceptibility of ¢.p. dextrose from Cyt 
the average value was 0.9 per cent. ; 
In Table I are collected the experimental and calculated values for com- Uri 


pounds related to nucleic acid. The A values are Pascal’s constitutive 
corrections which appear in the formula xy: = 2(nmax4 + A), where xy 


and x4 are molecular and atomic susceptibilities, respectively, and ny, is ” 
the number of atoms of type A. For the following components A(X 10°) Gus 
is as follows: pyrimidine, \, = +6.5; aromatic amino nitrogen, \y = 

+0.95; tertiary carbon in the a position, A. = —1.3; imidazole, Apy = Ph 
+8.0; and juxtaposition of two cyclic structures, \; = —5.3. The atomic a 
susceptibilities applied in the calculations are those listed by Pacault (6). pas 
The calculations were carried out for two or more forms and, when neces- : 
sary, for mixtures of enol and keto groups in the same molecule. Each Fis 
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TABLE [| 


Magnetic Susceptibility Data for Nucleic Acid Constituents and Related Compounds 





























data Theoretical values X 10° 
- for Material 2 Form a a 4 x X 106 experimental 
Be he xa | | cackffeca| “sted” 
)blem Cytosine (N.*| Enol _59.90| Am, Av, | —53.75|—0.484/—0.503 + 0.007 
rity | | | Keto | —53.58) ra® | —47.43|—-0.427] 
metic Uracil IM. | Enol | —56.02) Am, 2he? | —52.12|—0.465 
imple Keto | — 43.38) 0.8 —0.352) 
aa | Keto-enol | —49.70) —45.80|—0.409|—0.416 + 0.006 
< bio- Thymine N. | Enol _67.88| Am, 2Aa® | —63.98|/—0.507) 
Nn are | | Keto | —55.24 —51.34|—0.407 
urers’ | Keto-enol | —61.56 —57.66|—0.457|—0.453 + 0.014 
>and | Adenine |S. | ~72.40| Xm, Ary, | —62.25 —0.461|—0.447 + 0.006 
ucleie “a oe ne wee 
Guanine IN. | Enol —77.00] Am, Apy, —68.15|—0.451/—0.450 + 0.012 
only | Keto —70.68| dw, da®,| —61.83/—0.409 
| ns 
cepti- Urie acid |M. | Enol —77.72| \m, Avy, | —72.42|/—0.431 
| pre- Keto, 3=O} —58.76 3Aa*, Ai] —53.46|—0.318 
to re- Keto-enol, | —71.40 —66.10)—0.393)—0.394 + 0.014 
| 1=0 + 
tube. | 20H | 
Keto-enol, | —65.08 —59.78|—0.356 
2=0 + 
lue of 1 OH 
3 cor- p-Ribose N. | Enol, ring | —82.30) \ = 0 —82.30|—0.548/—0.564 + 0.002 
© the Keto —75.98 —75.98|—0.506| (30 gm. per 
100 gm. H.O) 
Ss be- | ».Glucose |B. | Enol, ring | —98.76]. = 0 | —98.76|—0.548|-0.567 + 0.002 
a“ and Keto —92.44 —92.44|—0.513 
0.503 Sucrose B. Enol, ring |—187.06) 4 = 0 — 187 .06|—0.546)—0.553 + 0.010 
ieee ay + 0.008 
40 gm. per 
f 200 100 gm. H.O) 
from | Cytidine |N. | Enol, ring |—131.54| X», Aw, |—125.59|—0.516|—0.509 + 0.007 
Keto — 125.42 a? —119.27)|—0.490 
com- Uridine N. | Enol, ring |—127.86] Am, 2Ae? |—123.96)/—0.508 
abla | Keto —115.22 — 111.32} —0.456 . 
1. te ; ; Keto-enol |—121.54 —117.64)—0.482}—0.479 + 0.021 
: Adenosine \N. |—144.24) Am, Apy, |—134.09)—0.502/—0.515 + 0.016 
Na is | | as. te 
- 10°) Guanosine |N. | Enol, ring |—148.84] Am, Apy, |—139.99|—0.494'—-0.527 + 0.019 
‘= | | Keto |-142.52| dw, a?,|—-133.67|—0.472 
py = | A 
. Phosphoric |F. | Liquid A= 0 —0.447 + 0.002 
tome acid | (86.3%) 
een ee 
1eces- *N. = Nutritional, M. = Matheson, S. = Schwarz, B. = Baker, and F, = 


Each Fisher. 
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value for experimental x (x = susceptibility per gm. of material) is an ay- [or the 
erage of eight or more separate determinations. The data are for solids }  positi 
unless otherwise indicated. is als 
Measurements performed on samples of ribonucleic acid and desoxyribo. } differ 
nucleic acid from several different manufacturers indicated the presence of | and t 
an appreciable and variable amount of iron. Chemical analysis of these } ings : 
materials demonstrated that the iron content was 0.05 per cent and greater, | hold 
For RNA and DNA, x was found to be —0.218 X 10-* and —0.096 X 10-* | agree 


respectively. Because of the presence of iron, these values are consider. It} 
ably more positive than theory predicts. form 

Although true experimental magnetic susceptibilities could not be de- | enol! 
termined for the nucleic acids mentioned above, it is possible to calculate Th 
values in two different ways. One method entails the adding of the ex- | chem 


perimentally determined susceptibilities of the constituents of the nucleic | Tabl 
acid in question. Thus, on the basis of the tetrad formula (19) and the } consi 
data in Table I, the susceptibility for RNA was calculated as —0.49 X 10-*, | suerc 

The second method is to apply Pascal’s systematics to the compound, | that. 


The predicted result for RNA was then —0.48 X 10-°. for W 
In the calculation of the susceptibility for RNA a value of 3(x4 + A) = with 


—36.0 X 10-* for the PO, radical was employed. This was calculated | the! 
from the experimental value in Table I: x = —0.447 X 10-* for phosphoric | 10. 
acid. TI 

A topic of interest to the biochemist is the particular tautomeric form | stitu 
in which a compound exists. According to Levene and Bass ((11) p. 52) in T. 
the differentiation between the lactam (keto) and lactim (enol) forms in | high 
connection with the problem of the structure of nucleosides and nucleotides } diffe 
is a matter of more than academic interest, since the reactions and thus pect 


the derivatives of a compound depend on the initial tautomeric form. valu 
In general, the magnetic technique lends itself to the study of tautom- & CO 
‘ erism because the change in xy of a compound on the transformation of a be a 


single bonded enol configuration oxygen to a double bonded keto group port 
oxygen is (1.72 + 4.60) X 10-* = +6.32 X 10-*. In other words, the Xa, 2 
decrease in diamagnetism of a compound of molecular weight equal to 200 The 
and subject to such a transformation would be 3.16 per cent. Thus, this char 
change is detectable by magnetic measurements. Ir 

Lythgoe (20) has reviewed the chemistry of purines and pyrimidines and suse 
states that the lactam-lactim question has been aired most extensively for dem 
uracil and barbituric acid. The magnetic data in Table I for uracil agree in d 
with the ultraviolet absorption findings of Austin (21) which favor the hot 
keto-enol form (7.e., the form in which keto and enol groups are present in stru 


the same ring). It should be pointed out that in uracil there are two dis- cons 
tinct possibilities; the keto and enol groups can be present in the same ring, +8. 
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or there can be a mixture of the keto and enol forms. In addition, the 
position of the oxygen and hydroxyl groups relative to the nitrogen atoms 
is also important. In the magnetic method these possibilities are not 
differentiated. However, differentiation among the forms keto, enol, 
and the presence of both simultaneously can be obtained. Austin’s find- 
ings are true for a solution of uracil in alcohol. The magnetic results 
hold for solids. In Table I the favored structures are indicated by the 
agreement of experimental x with calculated x. 

It is interesting to note that the magnetic data support the tautomeric 
form enol in both cytosine and cytidine and the tautomeric form keto- 
enol in both uridine and uracil, ete. 

The structure of glucose appears to have received more attention from 
chemists than that of any other carbohydrate. The magnetic data in 
Table I for solid glucose support the enolic ring structure (22). Similar 
considerations hold for a 30 per cent ribose solution in water (23) and solid 
sucrose ((22) p. 1600). The result for glucose is in good agreement with 
that of Pacault and Buu-Hoi (24) who determined xy to be — 101.5 X 10-, 
for which x = —0.563 X 10-*. The result for sucrose is in fair agreement 
with that calculated by averaging the principal susceptibilities given in 
the International Critical Tables (25); the latter amounts to x = —0.573 X 
10-*. 

The final topic to be considered is the relation between some of the con- 
stitutive corrections and the data. In the case of the carbohydrates listed 
in Table I, the experimentally determined susceptibilities are consistently 
higher than the values calculated on the basis of \ = 0. The per cent 
difference is slightly greater than the usual precision of +2 per cent ex- 
pected from this magnetic technique. This is also true of the literature 
values cited above for glucose and sucrose. This indicates that perhaps 
a constitutive correction of \ equal to approximately —3.0 X 10-* should 
be applied to these enolic ring structures. This contention is further sup- 
ported by the fact that the principal susceptibilities of sucrose, x1, x2, and 
xs, are, as cited in the literature, equal to —60, —55, and —57 X 10-*. 
The evident anisotropy is generally associated with a delocalization of 
charge which would make the mean susceptibility more negative. 

In the application of Pascal’s systematics to the calculation of magnetic 
susceptibilities such as those listed in Table I, an important point, which 
demonstrates the sensitivity of magnetic measurements in some instances 
in detecting structural or electronic configuration characteristics, should 
not be overlooked. For example, consider adenine, for which the accepted 
structural formula contains three C—N bonds and one C=C bond. The 
constitutive corrections for unsaturated C—=N and C=C are, respectively, 
+8.2 ((8) p. 52) and +5.45 x 10-°. 
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If these constitutive corrections were applied instead of those listed for 
adenine in Table I, the value for the molecular susceptibility of adenine 
would turn out to be —42.35 X 10-®. This is in marked disagreement 
with the experimental value xy = —60.4 X 10-®. A large part of the 
disagreement is explained by the aromatic character of the double bonds 
in adenine, which is related to the resonance properties of the molecule, 
In terms of electronic configuration, there is a delocalization (6) of charge 
which is more pronounced than would be the case were the double bonds 
purely aliphatic in nature. This renders the compound more diamag. 
netic than for the latter case. In the case of benzene and many of its 
derivatives the delocalization is considered to consist of a circulation of r 
electrons in the plane of the molecular framework (26). This, in turn, is 
the now prevalent explanation of the abnormal susceptibility along the 
principal axis perpendicular to the plane of the molecule or, in other words, 
the molecular anisotropy exhibited by many aromatic compounds. 


SUMMARY 

The magnetic susceptibilities of important nucleic acid constituents have 
been measured. For comparison, values of x have been calculated for 
these materials. 

The following specific and general conclusions have been drawn: 

1. Magnetic susceptibility data definitely assist in settling the lactim- 
lactam problem for biological compounds. For uracil the magnetic data 
agree with spectroscopic findings. 

2. Magnetic techniques furnish in some instances a simple, direct method 
for determining whether a biological compound contains impurities. 

3. DNA and RNA are diamagnetic. The specific magnetic suscepti- 
bility for RNA, free of iron, is estimated to be —0.49 & 10-°. 

4. The magnetic susceptibility data support the enol cyclic structures 
for glucose and sucrose in the solid state and for a 30 per cent solution of 
ribose in water. 


The author is indebted to Mr. R. F. Pfeiffer, Miss B. J. Kress, and Miss 
A. Baumler for extensive technical assistance, and to Dr. J. G. Hoffman 
for helpful discussions. 
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STUDIES OF THE MECHANISM OF RESISTANCE TO FOLIC 
ACID ANALOGUES IN A STRAIN OF STREPTOCOCCUS 
FAECALIS* 


By CHARLES A. NICHOLt 


(From the Department of Pharmacology, School of Medicine, Western Reserve 
University, Cleveland, Ohio, and the Department of Pharmacology, 
Yale University School of Medicine, New Haven, Connecticut) 


(Received for publication, November 16, 1953) 


A strain of Streptococcus faecalis which can grow in the presence of high 
concentrations of A-Methopterin (4-amino-10-methylpteroylglutamic acid) 
was developed by Burchenal et al. (1). A mechanism by which the cells 
tolerate the presence of the antagonist, which is highly toxic to the parent 
strain, at first appeared to involve an acquired ability to convert the anti- 
metabolite to its corresponding vitamin (1-4). More recent investigations 
have shown that the apparent ability of the resistant organism to utilize an- 
alogues of pteroylglutamic acid! (PGA) for growth can be attributed to the 
presence in the samples used of growth-promoting contaminants which were 
identified as PGA and pteroic acid (5,6). Studies of the antagonist-resist- 
ant and antagonist-sensitive strains have shown that the resistant organism 
has a lower growth requirement for pteroic acid and PGA (3, 6) and a very 
much greater capacity to convert PGA to citrovorum factor (CF, folinic 
acid) (5-8). Evidence is presented here that the development of resistance 
to A-Methopterin by this strain of S. faecalis also involves an altered perme- 
ability of the cells to the antagonists. 


EXPERIMENTAL 


The antagonist-sensitive strain of S. faecalis (ATTC 8043) and the an- 
tagonist-resistant strain (1) designated as S. faecalis A were grown in flasks 
containing 500 ml. of a medium (9) to which was added 1 mugm. of PGA 
per ml. After incubation of the medium for 16 hours, the cells were har- 


* This investigation was supported, in part, by a research grant from the National 
Institutes of Health, United States Public Health Service. We are indebted to Dr. 
D. J. Hutchison and Dr. J. H. Burchenal for the cultures of the A-Methopterin- 
resistant strains of S. faecalis and Leuconostoc citrovorum. The pteroylglutamic acid, 
Aminopterin, and A-Methopterin used in these studies were generously supplied by 
the Lederle Laboratories and the Caleo Chemical Divisions of the American Cy- 
anamid Company. 

t Scholar in Cancer Research of the American Cancer Society. Present address, 
Department of Pharmacology, Yale University School of Medicine, New Haven, 
Connecticut. 

‘The term pteroylglutamic acid refers to the synthetic compound. 
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vested and washed once with saline, and the packed cells were weighed, 
The cells were suspended in 0.1 m phosphate buffer of pH 6.5. Extracts 
were prepared by placing a 10 per cent suspension of the cells for 1 hour in 
the water-cooled chamber of a magnetostriction oscillator (9 ke., 50 watts, 
model R-22-3 of the Raytheon Manufacturing Company). The cell débris 
was spun down during 20 minutes at 5000 X g and the clear supernatant 
solution was used. The protein content of this solution was determined by 
the method of Gornall et al. (10). The extracts, as well as suspensions of 
intact cells, were incubated anaerobically at 37°, with the additions which 


TABLE I 


Effect of Ascorbate, Formate, and Serine on Enzymatic Formation 
of Citrovorum Factor by Cells of S. faecalis A 

















Additions to suspending medium* Citrovorum factor formed by cell suspensions 
PGA Substrate No ascorbate es mg. 
7 tem ; vise | ep meats 
0 0 0 

25 | 1.82 } 3.80 

25 Sodium formate, 0.005 | 3.56 

25 = = 0.01 3.94 7.61 

25 Glycine, 0.005 | 1.89 

25 = 0.01 1.84 3.90 

25 pu-Serine, 0.005 3.26 

25 ss 0.01 3.44 7.06 





* In addition to the above components, each vessel contained glucose (0.01 m), 
phosphate buffer (pH 6.5, 0.1 m), and 2.5 mg. of bacterial cells, dry weight, in a total 
volume of 4.0ml. The vessels were incubated at 37° for 4 hours under an atmosphere 
of 95 per cent nitrogen and 5 per cent carbon dioxide. 


are indicated, in an apparatus (Dubnoff metabolic incubator, Precision 
Scientific Company) which maintained constant agitation of the vessels. 
At the end of the incubation period, the vessels and contents were auto- 
claved for 30 minutes at 15 pounds pressure and the cells were spun down. 
Samples were diluted appropriately for microbial assay with an antagonist- 
resistant strain of Leuconostoc citrovorum (11) with the medium described by 
Sauberlich (12). The use of this organism obviated any effect which the 
presence of the antagonists in certain samples could exert to inhibit the 
growth of the usual assay organism. Although synthetic CF (leucovorin) 
was used as a standard for the microbial assay, the results are expressed in 
terms of the naturally occurring CF, which is twice as potent as the syn- 
thetic material (13, 14). A series of experiments was carried out to deter- 
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mine the conditions required for the adequate formations of CF by the cells 
and their extracts. 


Results 


Optimal formation of CF was obtained when the cells were suspended in 
a medium which contained glucose, ascorbate, and formate or serine in ad- 


TaBLeE II 


Components Required for Enzymatic Formation of Citrovorum Factor by Intact 
Cells and Cell-Free Extracts of S. faecalis A 


Citrovorum factor formed by 
Components —— —— —— 


Cell suspension 


Extract 
| Be mee per me roti 

Complete system. ... Sy PRO Ar cet 11.8* | 5.05t 
Without PGA...... pacamedon nas 0 0 

= glucose... % oe eeu 0.21 1.32 

“ascorbate sgeneannatebaneeee 4.96 | 4.18 

. ERT Se CL PE OL, OF 5.58 3.46 

= Me... ba eT ee eee 2.74 

Ss... pio clin fe edocs = 3.48 

2 ME access AWick sues wasdettetess | 2.43 

= .Me’*, DPN, ATP Pee: 1.16 

Complete system + Aminopterin (2.5 y per ml.) 12.4 0.03 


* The bacterial cells (2.5 mg., dry weight) were suspended in 4.0 ml. of a medium 
consisting of phosphate buffer (0.1 m, pH 6.5), PGA (25 y per ml.), glucose (0.01 m), 
sodium ascorbate (0.005 m), and sodium formate (0.01 m). The vessels were placed 
in an incubator for 4 hours at 37° under an atmosphere of 95 per cent nitrogen and 
5 per cent carbon dioxide. 

+ The complete system consisted of the cell extract (2.7 mg. of protein per vessel), 
PGA (50 y per ml.), glucose (0.02 mM), sodium ascorbate (0.005 m), sodium formate 
(0.01 m), magnesium chloride (0.005 m), diphosphopyridine nucleotide (1.9 K 10- m), 
adenosinetriphosphate (1.5 X 107’ m), and phosphate buffer (0.1 m, pH 6.5) in a total 
volume of 2.0 ml. The vessels were incubated for 3 hours at 37° under an atmosphere 
of 95 per cent nitrogen and 5 per cent carbon dioxide. 


dition to PGA. The presence of formate or serine, but not of glycine, 
favored the formation of CF (Table I), confirming the findings of Jukes (7) 
and Broquist et al. (8). The addition of ascorbate consistently increased 
the amount of CF formed under anaerobic conditions, and the effect of 
ascorbate appeared to be additive to that of formate or serine under these 
conditions. Optimal formation of CF by the cell-free extracts required the 
further addition of Mg**+, DPN, and ATP (Table II). An amount of Amin- 
opterin, which was without effect on the formation of CF by the intact 
cells, completely inhibited the reaction in cell-free extracts (Table II). 


eee ane 
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The sensitivity of the enzymatic formation of CF by extracts and cells tg 
the effect of the antagonists was compared further. In order to inhibit the 


TaBLe III 
Comparison of Intact Cells and Cell-Free Extract of S. faecalis A with Respect to 
Inhibition of Formation of Citrovorum Factor by Aminopterin and A-Methopterin 























Additions to medium* Citrovorum factor formed by 
Per cent 
at ities (ae ~ j , inhibition 
PGA Antagonist | Cell suspension | Extract 
¥ ber ml. + per ml. eS | ig Ag | 
0 0 0 

50 22.6 4.72 0 
50 Aminopterin, 100 1.18 95 
50 7 50 3.16 86 
50 7 25 6.28 70 
50 - 10 12.55 45 
50 - 5 18.10 20 
50 . 2.5 0.03 99 
50 “4 1.0 0.16 97 
50 “i 0.5 0.84 82 
50 = 0.2 3.54 25 
50 = 0.1 4.60 2 
50 A-Methopterin, 100 0.92 96 
50 i“ 50 3.56 84 
50 - 25 8.35 63 
50 si 10 17.20 24 
50 5 5 20.80 8 
50 i 2.5 0.01 100 
50 ™ 1.0 0.06 99 
50 . 0.5 1.73 63 
50 | - 0.2 3.56 25 
50 a 0.1 4.64 


| 





* The suspension and extract were prepared from the same batch of cells and 
were incubated anaerobically at 37° for 4 hours. The cells (2.5 mg., dry weight) 
were suspended in 2.0 ml. of a medium which contained, in addition to PGA and the 
antagonists indicated above, glucose (0.02 mM), sodium ascorbate (0.005 m), sodium 
formate (0.01 m), and phosphate buffer (0.1 m, pH 6.5). The extract (2.6 mg. of 
protein per vessel) was incubated in 2.0 ml. of a medium which contained, in addition 
to PGA and the antagonists, the components described as the ‘‘Complete system” 
in Table II. 


formation of CF in the intact cells of the antagonist-resistant organism, it 
was necessary to use about 50 times the concentration of these antagonists, 
which caused comparable inhibition of the reaction in cell-free extracts of 
this organism (Table III). Inhibition of the formation of CF in intact cells 
and cell-free extracts of the parent antagonist-sensitive organism occurred 
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at similar concentrations of the antagonists (Table IV). The formation of 
CF in extracts of the antagonist-resistant cells was nearly as sensitive to the 
effect of these antagonists as was this reaction in the antagonist-sensitive 
cells or their extracts. 


TaBLe IV 


Comparison of Intact Cells and Cell-Free Extract of S. faecalis 8043 with Respect to 
Inhibition of Formation of Citrovorum Factor by Aminopterin and A-Methopterin 


—————— 























Additions to medium* ees factor formed by| Per cent inhibition 
————EEeE—EE———E | 
PGA | Antagonist .. Extract Cells | Extract 
gl | pperme | cae | ) 2omagnie 
+ per ml. y per ml. ae "ae | 
0 0 0 
50 0.059 0.0120 0 0 
50 Aminopterin, 0.5 0.012 0.0025 80 79 
50 " 0.2 0.028 0.0043 53 | 63 
50 P= 0.1 0.036 0.0061 39 49 
50 ” 0.05 0.050 | 0.0096 15 | 2 
50 A-Methopterin, 0.5 | 0.008 | 0.0020 86 | 8 
50 “ 02 | 0.023 | 0.001 | 6 | 67 
50 | “ 0.1 | 0.037 | 0.0053 | 37 56 
50 | es 0.05 | 0.04 | 0.0072 | 22 | 40 
z u 





* This experiment duplicated that described in Table III with respect to the 
period of incubation, components of the medium, and preparation of the cell sus- 
pension (6.0 mg. per vessel, dry weight) and the cell-free extract (3.0 mg. of protein 
per vessel). 


DISCUSSION 


Two different mechanisms are apparently involved in the acquired ability 
of cells of S. faecalis to survive concentrations of A-Methopterin and Amin- 
opterin which profoundly inhibit the parent strain. In addition to an in- 
creased capacity to convert PGA to CF, a compound which, unlike PGA, 
can effectively counteract the antagonists, there appears to be a change in 
the permeability of the cells which reduces greatly the accessibility of the 
susceptible enzyme system to the antagonists. Although A-Methopterin 
was the agent used in the development of the resistant culture (1), the effect 
of this compound in these experiments was essentially duplicated by Amin- 
opterin, a circumstance which indicates that cross resistance may exist 
among various inhibitory 4-amino analogues of PGA. Since resistance was 
developed gradually by repeated culture of the organism in media contain- 
ing increasing concentrations of the antagonist (1), concurrent study of 
these mechanisms at various stages of resistance would be required to eval- 
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uate the relative importance and sequence of development of each mech. 
anism. It is not unlikely that the presence of PGA and related compound 
as contaminants in the A-Methopterin used in the development of the rp. 
sistant organism conditioned the selection of cells with greater capacity to 
form CF. 

The presence of growth-promoting contaminants in the antagonists which 
are presently available has caused brief confusion in studies of the mech. 
anism of resistance to these compounds, since certain organisms appeared 
to have acquired the ability to metabolize the antagonists (1-4, 15, 16), 
Broquist (4) reported that the antagonist-resistant strain of S. faecalis was 
capable of converting Aminopterin to CF. However, Hutchison and By. 
chenal (5) related the amount of CF formed from Aminopterin by the resist. 
ant organism to the content of PGA in the sample of Aminopterin, while 
Nichol e¢ al. (6) demonstrated that the same organism formed a considerable 
amount of CF from commercial Aminopterin, but not from Aminopterin 
which was purified by paper chromatography. Analysis of a sample of Am- 
inopterin showed that it contained PGA to the extent of 24 per cent by 
fluorometric assay and 22 per cent by microbial assay (17). Dewey and 
Kidder (18) reported that the apparent ability of a species of Tetrahymena 
to utilize Aminopterin for growth is due to the content of PGA in the sample 
of this antagonist. The PGA content of the antagonists used in these ex- 
periments was not a consideration because of the large amounts of PGA 
which were added to the incubation mixture. 

The evidence concerning the action of ascorbate in increasing the forma- 
tion of CF is, as yet, insufficient to distinguish between its possible réle as 
a direct donor of hydrogen for the reduction of PGA during its conversion 
to CF and other indirect effects due to its property as a reducing agent. 
Broquist et al. (8) found that the effect of ascorbate on the formation of CF 
was very slight when the cells were incubated under nitrogen compared to 
its effect when the cells were incubated in an atmosphere of air. Nichd 
(19) found that the CF activity of a product formed from PGA by homog- 
enates of chick liver during incubation under nitrogen was labile when the 
homogenates were placed under an atmosphere of oxygen, unless ascorbate 
was present. Under the conditions of the experiments described in this 
paper, ascorbate caused a consistent increase in the amount of CF formed 
from PGA by cells incubated under anaerobic conditions, and its effect in 
this case would appear to involve more than the protection of an inter- 
mediate or product which is labile under aerobic conditions. Ascorbate was 
not a variable in the experiments involving the antagonists. 

Large amounts of PGA were necessary in order to obtain a maximal con- 
version of this substrate to CF by the resistant organism. When 100 y of 
PGA were incubated with 2.5 mg. of cells in the experiment shown in Table 
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III, about half this amount of PGA was converted toCF. The significance 
of the requirement for Mg**, DPN, and ATP for the formation of CF in the 
cell-free system is being studied with respect to the nature of the product 
and the intermediates involved. 

Very high concentrations of Aminopterin and A-Methopterin were re- 
quired to inhibit the conversion of PGA to CF by the intact cells of the an- 
tagonist-resistant strain, in contrast to the very much lower concentrations 
which effectively inhibited the formation of CF by intact cells of the antag- 
onist-sensitive strain and the cell-free extracts of either strain. This effect 
is attributed to a change in the permeability of the resistant cells with a 
resultant reduction in the penetration of the antagonists into these cells. 
Preliminary studies of the nature of the resistance to these antagonists by 
leucemic cells of mice have failed to demonstrate any increase in the capac- 
ity of the resistant leucemic cells to form CF and PGA. However, conver- 
sion of PGA to CF by the resistant leucemic cells appears to be inhibited 
to alesser extent by the specific antagonists than does that by the sen- 
sitive parent strain (20). 


SUMMARY 


Extracts of Streptococcus faecalis A were prepared by disrupting the 
cells by sonic vibrations. The enzymatic formation of citrovorum factor 
(CF) from pteroylglutamic acid (PGA) by the cell-free extracts was in- 
creased by Mg*t, DPN, and ATP, in addition to glucose, ascorbate, and 
formate or serine, which markedly stimulated the formation of CF by the 
intact cells. 

Large amounts of Aminopterin and A-Methopterin were required to in- 
hibit the formation of CF from PGA by intact cells of the antagonist-re- 
sistant strain of S. faecalis, in contrast to the very much smaller amounts 
of these compounds which were needed to inhibit the formation of CF in 
cell-free extracts of this organism or in the intact cells and extracts of the 
antagonist-sensitive organism. It is suggested that a major factor in the 
acquisition of resistance to the 4-amino analogues of PGA is a marked re- 
duction in the permeability of the bacterial cell which grealty reduces the 
accessibility of the susceptible enzyme system to these compounds. 
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COLORIMETRIC MICRODETERMINATION OF 
CYTOCHROME c OXIDASE* 
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The Nadi reaction, discovered by Ehrlich (1885), has been used for 
many years as a test for indophenol oxidase. The reaction consists in 
the formation of indophenol blue from dimethyl-p-phenylenediamine 
and a-naphthol and is given by most animal and plant cells. It is now 
generally held that indophenol oxidase is identical with cytochrome c 
oxidase, and the Nadi reaction is often employed for the histochemical 
detection of cytochrome oxidase. 

During an attempt to determine cytochrome oxidase in cellular fractions 
which could be prepared only in small amounts, tests were made in order 
to learn whether the Nadi reaction would permit the quantitative deter- 
mination of micro amounts of cytochrome oxidase. Mitochondrial sus- 
pensions from the kidney of the rat were used as a source of the enzyme. 
Unexpectedly, the formation of indophenol blue by small aliquots of 
mitochondrial suspensions containing 10 to 60 y of total N was found to 
be proportional to the concentration of enzyme and to the time of incuba- 
tion during the first few minutes. These observations seemed to make 
it worth while to study the reaction in more detail and to establish optimal 
conditions for a quantitative test. 


Reagents 


Phosphate Buffer—Phosphate buffer of pH 7.8 was used to neutralize 
the acidity of dimethyl-p-phenylenediamine hydrochloride and to bring 
the pH into the range: of 7.0 to 7.4. 

a-Naphthol—The commercial preparation (Eastman Organic Chemicals) 
was recrystallized once from petroleum ether for use in the routine tests. 
It was recrystallized twice for determination of “indophenol blue units.” 
a-Naphthol is slightly soluble in water, but readily soluble in 40 per cent 
alcohol, and does not precipitate in 20 per cent alcoholic solutions. Solu- 
tions of a-naphthol of 0.05, 0.1, and 0.2 per cent concentration in 20 to 
25 per cent ethyl alcohol were prepared by diluting a 1 per cent stock 
solution of recrystallized a-naphthol in 40 per cent ethyl alcohol 20, 10, 


*This work was supported by grants-in-aid from the Life Insurance Medical 
Research Fund and the New York Heart Association. 
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and 5 times, respectively, with 20 per cent ethyl alcohol. These solution; 
were kept in the refrigerator and seemed to be stable. Although ethy 
alcohol in higher concentrations strongly inhibits or destroys cytochrome 
oxidase, concentrations of less than 5 volumes per cent were found ty 
cause no inhibition of the enzyme. 

Dimethyl-p-phenylenediamine Hydrochloride—A commercial _prepam. 
tion (Eastman Organic Chemicals) which was almost colorless was em. 
ployed without further purification. Although dimethyl-p-phenylened- 
amine is quite autoxidizable at neutral and alkaline pH, the autoxidation 
is slow at the acid pH (about 2.7) of the hydrochloride in water. The 
solution could be kept on ice for some hours, becoming only slightly colored 
by autoxidation during this time. 

Since a-naphthol and dimethyl-p-phenylenediamine react in equimolar 
concentrations when forming indophenol blue, the same molar concen. 
trations of both reagents are required. It was found necessary to use 
about 40 per cent more of the (impure) commercial dimethyl-p-phenylene. 
diamine hydrochloride than of the recrystallized a-naphthol. This figure 
was arrived at by measuring the amounts of indophenol blue formed by 
different proportions of the two reagents after oxidation with K.Cr.0, 
It is not desirable to employ more of the dimethyl-p-phenylenediamine 
hydrochloride, because the additional buffer required for the neutral- 
ization of the hydrochloride inhibits the enzyme. 

Cytochrome c—A commercial preparation (Delta Chemical Works) was 
used; this was stated by the supplying company to be more than 92 per 
cent pure. During the enzymatic tests, cytochrome c was kept in the 
reduced state by the excess of dimethyl-p-phenylenediamine hydrochloride. 

Solvents—Chloroform-alcohol (9:1) was used in most cases for the ex- 
traction of the indophenol blue from the test solutions. When coarse 
emulsions formed during the extraction, it was not necessary to wait until 
’ the phases had completely separated. After standing for 4} to 1 minute, 
the small layer in the separatory funnel consisting of a coarse chloroform- 
water emulsion was separated, together with the chloroform layer, into a 
graduated cylinder. The addition of 1 to 2 ml. of fresh chloroform-alcohol 
(9:1) immediately clarified coarse or fine emulsions, and the volume could 
be read. The small amount of water above the chloroform did not inter- 
fere with the colorimetric measurement. Two extractions with chloroform- 
alcohol (9:1) were sufficient in most cases to extract the indophenol blue 
completely if enough water had been added. 


Method 


In a 100 X 13 mm. test-tube, 0.20 ml. of 1/40 m phosphate buffer solu- 
tion, pH 7.8, 0.25 ml. of 0.1 per cent a-naphthol solution in 22 per cent 
ethyl alcohol, 0.35 ml. of 0.1 per cent dimethyl-p-phenylenediamine hydro- 
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tions} chloride solution, 0.15 ml. of 0.02 per cent cytochrome c solution, and dis- 
ethyl F tilled water to make a final volume of 1.5 ml. (the test solution included) 
rome > were warmed for 2 minutes in a constant temperature water bath at 37°, 
id to and the test solution containing 10 to 60 y of mitochondrial N was added. 
After 1 to 5 minutes incubation at 37°, and as soon as the test solution 
para- | had become dark blue, the formation of indophenol blue was stopped by 
@-— adding about 0.5 ml. of chloroform-alcohol mixture (9:1) and vigorous 
ned} shaking. The tube was then cooled in ice. The solution was transferred 
ation | to a 125 ml. separatory funnel by rinsing the test-tube several times with 
The | small portions of chloroform-alcohol (9:1). After addition of about 75 ml. 
lored of water, the indophenol blue was completely extracted by twice shaking 
with 5 to 10 ml. of chloroform-alcohol (9:1). The extracts were collected 
nolat } jn a 10 ml. or 25 ml. graduated cylinder (with a ground-in stopper), and 
ncen- f the volume was read or adjusted to the desired amount with chloroform- 
) use f aleohol mixture. The color intensity of the indophenol blue in the chlo- 
lene- | roform extract was determined with the Evelyn photoelectric colorimeter, 
igure} filter No. 540. A blank containing the reagents without test solution was 
d by | yun together with the sample. 

120), Calculation of Results—The “photometric densities,” corresponding to 
mine | the colorimeter readings for the sample and blank, were read from the 
itral- | table. These values were multiplied by the volumes of the extracts in 
ml., divided by 10, and thus the photometric densities of the indophenol 
| Was | blue in 10 ml. of solvent were obtained. The photometric density of the 
2 per} blank was deducted from that of the sample. The result was expressed 
1 the | in indophenol blue units, as defined in the following paragraph, by dividing 
ride. | by 1.46 when chloroform was used as solvent and the Evelyn colorimeter 
© & | with filter No. 540 for the measurement. The indophenol blue units 
oarsé | of the sample (corrected for the blank) were divided by the number of 
until | minutes of incubation and by the mg. of total N of the sample, and the 
hute, | resulting indophenol blue units per minute per mg. of N were taken as a 
orm- | basis of comparison for different samples. 


ito a Indophenol Blue Units—In order to compare cytochrome oxidase ac- 
ohol | tivities when measured with different instruments, it is possible to refer the 
ould | photometric densities of indophenol blue from unknown samples to the 
ntet- | photometric density of a standard amount of indophenol blue, and this 
orm- | proportion will be independent of the type of colorimeter. As such a 
blue | standard, the photometric density of indophenol blue in 10 ml. of solvent, 

formed from 0.1 mg. of pure (twice recrystallized) a-naphthol and an 

equimolar amount of dimethyl-p-phenylenediamine hydrochloride by 

oxidation with K»Cr.O;, was chosen arbitrarily as 1 indophenol blue unit. 
solu- | If this amount of indophenol blue is extracted with the same solvent as 
Pin it is used for the enzyme test, and is measured with the same colorimeter 
ydro- 


and the same light filter, the photometric densities of indophenol blue 
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from unknown samples will represent the same proportions of this yp 
amount in all colorimeters. 

Fig. 1 shows the photometric densities of indophenol blue formed frog 
different concentrations of twice recrystallized a-naphthol and equimoly 
amounts of dimethyl-p-phenylenediamine hydrochloride by oxidation with 
K;Cr,0;._ The dye was extracted with chloroform or carbon tetrachlo. 
ide or ether and measured colorimetrically in 10 ml. of the solvents, | 
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Fic. 1. Photometric densities of indophenol blue formed from different amounts 
of a-naphthol and equimolar concentrations of dimethyl-p-phenylenediamine by- 
drochloride by oxidation with K:Cr20;. In 10 ml. of CHCl; (@), CCl, (X) , and 
ether (O). Evelyn photoelectric colorimeter; filter No. 540. 

Fig. 2. Formation of indophenol blue by mitochondrial suspension from rat 
kidney in relation to time of incubation at 37° and concentration of enzyme. Test 
samples containing 15 y of N (X), 35 y of N (O), and 60 y of N (@). pH/7.2. 


can be seen that the photometric densities are proportional to the concen- 
tration of indophenol blue. Fig. 1 also indicates that the photometric 
densities of indophenol blue, formed from 0.1 mg. of a-naphthol and the 
equimolar amount of amine, measured with the Evelyn photoelectric cdl- 
orimeter with filter No. 540 in 10 ml. of solvent, are 1.46 in chloroform, 
1.52 in carbon tetrachloride, and 1.64 in ether. These factors permit the 
calculation of indophenol blue units as defined above. 


Test of Method 


The influence of time of incubation, concentration of enzyme and re- 
agents (phosphate buffer, a-naphthol, dimethyl-p-phenylenediamine hydro- 
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chloride, and added cytochrome c), and of the pH was tested. The pos- 
sibility of interference by reducing or oxidizing agents which might be 
present in test solutions was examined. 

During the earlier part of the experiments (and before the influence of 
the time of incubation was completely understood), constant times of in- 
cubation of 5 minutes were applied, and 20 per cent lower concentrations 
of a-naphthol and dimethyl-p-phenylenediamine hydrochloride were em- 
ployed than those finally adopted. That is why the scale of the ordin- 
ates on Figs. 3 to 6 is 5 times higher than with the activities referred to 
1 minute’s incubation, and why the activities were smaller than those 
measured under the conditions finally adopted. However, the slopes of 
the curves are not affected by these changes, and the characteristic in- 
fluence of the factors under discussion can be seen from the curves. In the 
experiments of Fig. 2 and in Tables I to III, activities of mitochondrial 
suspensions and total homogenates of the kidney and liver of the rat were 
measured for different concentrations of enzyme and different times of 
incubation. The conditions applied in these experiments were those finally 
adopted as optimal and indicated under “Method.” 

Time of Incubation and Concentration of Enzyme—aAs Fig. 2 shows, the 
formation of indophenol blue by a mitochondrial suspension from rat 
kidney increased proportionally with time of incubation during the first 
few minutes, and the rate then decreased rapidly. The duration of pro- 
portional increase depended on the concentration of mitochondrial sus- 
pension (enzyme). In the experiment of Fig. 2, the proportional increase 
lasted 5 minutes when the test solution contained 15 y of total N, 2.5 
minutes with 35 y of N, and 2 minutes with 60 y of N. Since the pro- 
portional increase of the formation of indophenol blue came to an end 
when about 0.6 indophenol blue unit was formed (blanks not deducted), 
while a-naphthol and amine were still present in excess, it is possible that 
the toxic effect of high concentrations of indophenol blue on the enzyme 
was responsible for the sudden decrease of the dye formation. This inter- 
pretation is supported by the observation that the range of proportional 
increase could be extended by diluting the samples with water while the 
concentration of the reagents was maintained constant. In the technique 
adopted here, the disturbing effect was avoided by adjusting the time of 
incubation to the concentration of enzyme. This was done simply by 
observing the samples and interrupting the incubation as soon as between 
0.3 to 0.6 indophenol blue unit was formed. Such an amount of dye could 
be easily estimated from the aspect of the incubated samples. 

Concentration of a-Naphthol and Dimethyl-p-phenylenediamine Hydrochlo- 
ride—Fig. 3 indicates that maximal formation of indophenol blue required 
a certain excess of a-naphthol and dimethyl-p-phenylenediamine hydro- 
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chloride, and that further increase of the reagents had no influence. The 
slope of the curve may suggest that the sudden decrease of the dye forma- 
tion described in the preceding paragraph was also due to a lack of exces 
of a-naphthol and amine. Although this possibility should not be excluded, 
the above interpretation seems more probable. 

Phosphate buffer; Added NaCl and KCl—The experiment (Fig. 4) in- 
dicates that the formation of indophenol blue by a mitochondrial suspen- 
sion from rat kidney was strongly depressed when the concentration of 
phosphate buffer exceeded 0.0044 m. This was probably a salt effect, 
since NaCl and KCl when added in addition to 0.0033 m phosphate buffer 
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Fig. 3. Formation of indophenol blue by mitochondrial suspension (27 7 of N) 
from rat kidney in relation to concentration of a-naphthol and equimolar concentra- 
tions of dimethyl-p-phenylenediamine hydrochloride. Incubation for 5 minutes at 
37°; pH 7.0 to 7.4. 

Fic. 4. Formation of indophenol blue by mitochondrial suspension (27 to 28 7 of 
N) from rat kidney. Inhibition by phosphate buffer (O), NaCl (@), and KCI (x). 
Incubation for 5 minutes at 37°; pH 7.0 to 7.3. 


also inhibited the enzymatic formation of the dye, as may be seen from 
Fig. 4. 

The strong influence of phosphate buffer on cytochrome oxidase was 
also noted by Slater (1) and of salts by Smith and Stotz (2). 

Added Cytochrome c—Added cytochrome c (Fig. 5) had optimal effects in 
concentrations of 0.7 to 2.0 mg. per cent (about 0.5 to 1.5 & 10~° m) when 
the mitochondrial sample contained 27 y of total N. It was found in other 
experiments that the optimal concentrations of added cytochrome c varied 
from about 1.0 to 2.0 X 10°° m when the N content of the mitochondrial 
samples was increased from 10 to 60 y. The effects were within the range 
of error of the method, but the accuracy may be improved by adjusting the 
concentration of added cytochrome c approximately to that of the enzyme. 

Influence of pH—Fig. 6 shows that the cytochrome oxidase activity of a 
mitochondrial suspension from the kidney of the rat was optimal from pH 
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6.4 to 8.0 and fell off rather steeply below and above this pH. The pH was 
measured with the Beckman pH meter; phosphate buffer (0.0033 m) was 
employed from pH 5.7 to 6.9 and borate buffer (0.0033 m) from pH 7.1 to 
8.8. 

Micro Range—It may be important in certain experiments to determine ex- 
tremely small amounts of cytochrome oxidase. No systematic studies were 
made, but the following experiments may facilitate such an application of 
the method. 

When mitochondrial suspensions containing less that 10 y of N were 
tested, the formation of indophenol blue was no longer proportional to the 
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Fic. 5. Formation of indophenol blue by mitochondrial suspension (27 y of N) 
from rat kidney. Influence of added cytochrome c. Incubation for 5 minutes at 
7°; pH 7.2. 

Fig. 6. Formation of indophenol blue by mitochondrial suspension (28 y of N) 
from rat kidney in relation to pH. Incubation for 5 minutes at 37°. 


concentration of enzyme. It was too low when the concentrations of the 
reagents were those indicated under ‘‘Method.” However, the proportion- 
ality could be approximately restored when the concentrations of the re- 
agents (phosphate buffer, cytochromec, a-naphthol, and dimethyl-p-phenyl- 
enediamine hydrochloride) were decreased about one-third. This effect is 
probably due to the inhibition of the dye formation by too high concentra- 
tions of buffer and cytochrome c, as shown in Figs. 4 and 5. 

When very small amounts of enzyme are tested, the accuracy is further 
limited by the fact that the values of the samples approach those of the 
blanks. It was observed that the blanks remained very low if the tem- 
perature was held at 0° (ice cooling) and the time extended to 1 hour or 
longer. It may therefore be favorable to measure very small amounts of 
cytochrome oxidase by incubation at 0° for 1 hour or longer. 








740 CYTOCHROME C OXIDASE 


Test of Interference by Oxidizing or Reducing Agents—Unknown samples 
may contain oxidizing agents other than cytochrome oxidase which form ip. 
dophenol blue or reducing agents which inhibit its formation. In order to 
estimate this interference, activities of mitochondrial suspensions of rat kid- 
ney were determined in the presence of NaNs, a specific inhibitor of cyto- 
chrome oxidase. Rather high concentrations of NaN; (about 3 x 107° M) 
were required to inhibit the activity of the suspension completely. This 
made it difficult to distinguish the salt effect from specific inhibition. Stan. 
nard and Horecker (3) have shown that only the free hydrazoic acid and not 
the ions inhibit cytochrome oxidase. The relatively high concentrations of 
NaN; necessary for complete inhibition may thus find an explanation, since 
at the optimal pH of 6.5 to 8.0 of enzyme activity NaN; solutions con- 


TABLE [ 
Formation of Indophenol Blue by Mitochondrial Suspension from Rat Liver 





Indophenol blue units per min. per mg. N 


Time of incubation wae, = 7 sg wari J —  . — - .  e 





Samples containing Samples containing Samples containing 
22.87 N 4l.iy7N 68.57 N 
min. 
1 | 3.98 3.90 
1.5 4.07 3.71 
2 4.16 4.06 3.68 
3 4.14 2.78 
4 4.12 3.52 
6 4.15 
8 2.94 








tain for the most part ions and relatively little free acid. When samples of 
mitochondrial suspensions or total homogenates from rat kidney or liver, 
all containing 35 y of N, were treated with an excess of NaN; (1.5 X 10° 
M) and compared with the blanks containing the reagents alone, the NaN; 
inhibited mitochondrial suspensions formed only a little more, and the 
NaN;-inhibited total homogenates a little less, indophenol blue than did 
the blanks with the reagents alone. 

The possible interference by oxidizing and reducing agents was also tested 
by heating mitochondrial suspensions or total homogenates for 2 minutes at 
70°, thus destroying cytochrome oxidase, and adding the heated samples to 
a mitochondrial suspension of known activity. It was concluded from 
these experiments that the concentration of reducing agents present in the 
small samples is in general too low to cause a marked inhibition of the indo- 
phenol blue formation by the enzyme. However, no definite conclusions 
should be made about this point before the same samples have been tested 








by the 
method 
Testi 
Kidney 
were pl 
M sucr 
layer” 
prepari 
the cer 
ments | 
In tl 
rat kid 


Time 


of inet 
aratio! 
Severs 
all she 

Tak 
pensic 
portio 
samp 
contai 
The a 
minut 
liver, 
N, res 

Tal 





; of 
er, 
ie 
N3- 
the 
did 


ted 
at 


om 
the 
Jo- 


ns 





W. STRAUS 741 


by the present method and by other methods, especially the manometric 
method, and the results compared. 

Testing of Mitochondrial Suspensions and Total Homogenates from Rat 
Kidney and Liver—Mitochondria of the kidney (cortices only) and liver 
were prepared according to Hogeboom, Schneider, and Palade (4) in an 0.88 
u sucrose solution and resedimented once for purification. The “fluffy 
laver” above the mitochondrial sediments was partially removed. When 
preparing kidney mitochondria, the dark brown sediment at the bottom of 
the centrifuge tube containing “droplets” was discarded. The final sedi- 
ments were suspended in distilled water. 

In the experiment illustrated by Fig. 2 a mitochondrial suspension from 
rat kidney was tested. It can be calculated from Fig. 2 and from the times 


TaBLe II 
Formation of Indophenol Blue by Total Homogenate from Rat Kidney 





Indophenol blue units per min. per mg. N 





Time of incubation 
Samples containing Samples containing | Samples containing 
207 N 407 N 707N 





2 
= 











4 | 
1 1.64 1.40 
2 1.40 1.55 
3 1.48 1.50 33 
4 1.50 .48 
5 1.56 1.56 .30 
7 1.46 1.43 12 
9 1.42 1.44 
12 1.14 1.20 





of incubation and N content of the samples that the activity of this prep- 
aration amounted to 5.9 indophenol blue units per minute per mg. of N. 
Several other mitochondrial suspensions, tested under the same conditions, 
all showed activities between 5.5 and 6.5 units per minute per mg. of N. 

Table I indicates the results of an experiment with a mitochondrial sus- 
pension from rat liver. The formation of indophenol blue increased pro- 
portionally with time of incubation during the first 6 minutes when the 
sample contained 22.8 y of N, during the first 3 minutes when the sample 
contained 41.1 y of N, and during the first 2 minutes with 68.5 y of N. 
The activity of this preparation amounted to 4.0 indophenol blue units per 
minute per mg. of N. For two other mitochondrial suspensions from the 
liver, activities of 3.6 and 3.7 indophenol blue units per minute per mg. of 
N, respectively, were found. 

Table II shows determinations with a total homogenate of rat kidney. 
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The formation of indophenol blue increased proportionally with the time of 
incubation during the first 9 minutes when the suspension contained 20 and 
40 y of N, and during 4 to 5 minutes when the suspension contained 70 of 
N. The activity of this suspension amounted to 1.5 indophenol blue units 
per minute per mg. of N. Two other total homogenates of rat kidney 
showed activities from 1.3 to 1.4 indophenol blue units per minute per mg, 
of N. 

Table III summarizes the results of determinations with a total homog. 
enate of rat liver. The formation of indophenol blue increased propor. 
tionally with the time of incubation during the first 14 minutes when the 
suspension contained 24.2 y of N, during 10 minutes with 48.4 y of XN, 
and during 8 minutes with 72.6 y of N. The activity of this preparation 


TaBLe III 
Formation of Indophenol Blue by Total Homogenate from Rat Liver 





Indophenol blue units per min. per mg. N 





Time of incubation — a 


Samples containing Samples containing Samples containing 
24.27 N 48.4y7N 726yN 

min. 

2 0.66 0.59 0.66 

4 0.71 0.63 0.59 

6 C.75 0.61 0.54 

8 0.64 0.57 0.56 

10 0.55 0.55 0.46 

12 0.61 0.38 

14 0.56 0.35 





amounted to 0.6 to 0.7 indophenol blue units per minute per mg. of N and 
was rather low. Two other total homogenates from the liver showed ac- 
“tivities of 0.82 and 0.96 indophenol blue units per minute per mg. of N, 
respectively. 


SUMMARY 


A colorimetric method for the determination of small amounts of cyto- 
chrome oxidase, based on the formation of indophenol blue from a-naphthol 
and dimethyl-p-phenylenediamine hydrochloride (Nadi reaction), is de- 
scribed. The optimal concentrations of the reagents were determined on 
mitochondrial suspensions from rat kidney as the source of the enzyme. 
The formation of indophenol blue was proportional to the amount of en- 
zyme (mitochondrial suspensions containing 10 to 60 y of total N) and was 
also proportional to the time of incubation during the first few minutes. 

When cytochrome oxidase activity was expressed in indophenol blue 
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units per minute per mg. of N as defined in the text, mitochondrial sus- 
pensions from rat kidney contained 5.5 to 6.5 units, those from the liver 
3.6 to 4.0 units, total homogenates from the kidney 1.3 to 1.5 units, and 
total homogenates from the liver 0.7 to 1.0 unit. 
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ISOLATION AND BIOCHEMICAL PROPERTIES OF DROPLETS 
FROM THE CELLS OF RAT KIDNEY* 


By WERNER STRAUS 
(From the Department of Pathology, College of Medicine, State University of New York 
Medical Center at New York, Brooklyn, New York) 


(Received for publication, November 6, 1953) 


Droplets appear in the kidney cells of urodeles and mammals after intra- 
peritoneal injection of egg white or certain other proteins (1-3). They have 
been extensively studied by Oliver (4) and Oliver, MacDowell, and Lee! 
who have examined their cytological and histochemical properties. Ac- 
cording to these investigators, the formation of the droplets is a part of the 
reabsorption and metabolism of the proteins which, after passing through 
the glomerular filter, are absorbed in mammals in the mid portion of the 
proximal convoluted tubules. Judging from histochemical reactions, they 
conclude that the droplets are composed not only of the absorbed proteins, 
but contain also cytoplasmic constituents such as phospholipides and ribo- 
nucleic acid. From the cytological changes that are observed and the fact 
that the droplets stain supravitally with Janus green in high dilution, they 
have also concluded that these cytoplasmic components are derived from 
the materials of mitochondrial rodlets, which were observed to disintegrate 
and disappear during the formation of the droplets. 

The writer has attempted to separate the droplets from the cells in order 
to examine their chemical and enzymatic properties and to compare them 
with other particulate fractions that can be prepared from the cells of rat 
kidney. It proved impossible to isolate the droplets in sufficient purity and 
yield by the current method of preparation of particulate fractions, 7.e. by 
differential centrifugation (5, 6), since most of the droplets sediment at low 
centrifugal force, together with nuclei, blood cells, whole kidney cells, and 
cellular débris. It was found, however, that, if such a mixture was filtered 
through a column of non-absorbent cotton, most of the nuclei and other 
large particles were retained, while almost pure droplets passed into the 
filtrate. 

It was also observed that homogenates from the kidneys of untreated rats 
always contain a certain number of droplets which, though smaller in size, 
resemble those appearing in the kidneys after intraperitoneal injection of 
egg white. These smaller granules were found concentrated in a thin, dark 
brown layer at the bottom of the centrifuge tube when mitochondria were 


* This work was supported by grants-in-aid from the Commonwealth Fund, the 
Life Insurance Medical Research Fund, and the New York Heart Association. 
1 Oliver, J., MacDowell, M., and Lee, Y. C., J. Exp. Med., in press. 
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prepared from a kidney homogenate according to the method of Hogeboom, 
Schneider, and Palade (5). The similarities in pigmentation, staining prop- 
erties, and chemical and enzymatic composition of the two types of droplets 
and their comparison with the other cytoplasmic fractions will be described 
below. 


Materials and Methods 


Male rats of the Sherman strain, 300 to 450 gm. in weight, were used. 
For the preparation of “ large droplets,” the rats were injected intraperito. 
neally with a mixture of 7 ml. of egg white and 7 ml. of saline,! and the kid. 
neys were removed under ether narcosis 18 hours later. The tissue was 
chilled and subsequently manipulated at temperatures not higher than 6°. 
A homogenate of kidney cortex, after removal of the medullae and cap. 
sules, was prepared by grinding the tissue in a motor-driven steel homog. 
enizer; the homogenate was suspended in 0.88 m sucrose solution, adjusted 
with NaOH to pH 8.5, and brought to about twice the weight of the tissue. 
and the suspension was strained through cheese-cloth. The procedure for 
the isolation of the droplets from the homogenate is described below. Mito- 
chondria and microsomes were isolated according to Hogeboom, Schneider, 
and Palade (5). 

Acid-soluble P, phospholipide P, ribonucleic acid P, and desoxyribo- 
nucleic acid P were determined according to Schneider (7) and Schmidt and 
Thannhauser (8). P was determined according to Fiske and Subbarow (9) 
and N by the micro-Kjeldahl method. 

Alkaline and acid phosphatase and adenosinetriphosphatase (ATPase) 
were determined by measuring the amount of P split off by the enzyme with 
8-glycerophosphate and adenosinetriphosphate, respectively, as substrates 
after incubation for 1 hour at 37°. The following concentrations of the 
reagents were used: for acid phosphatase, sodium {-glycerophosphate, 
3.2 X 10°’ M; acetate buffer, pH 5.0, 5 107° m; for alkaline phosphatase, 
sodium 6-glycerophosphate, 3.2 x 10°? m; MgCl.-6H.O, 5.0 * 10° »; 
glycine buffer, pH 9.2, 5 X 10° m; for ATPase, adenosinetriphosphate 
(Schwarz), 5 X 10° m; MgCl.-6H.0, 5.0 x 10~ m; diethyl barbiturate 
buffer, pH 7.2,2 X 10°’ m. Suspensions of the cell fractions containing 
15 to 50 y of N were added for each test. 

Catalase was determined according to von Euler and Josephson (10) by 
measuring, by titration with KMnO, , the HO, decomposed by the enzyme 
at different intervals of incubation at 0°. The k (velocity constants) were 
calculated from the formula k = 1/t log a/(a — x), where t is the time of 
incubation, and a and x the concentrations of H»O» at the beginning and 
end of the interval. The k values were extrapolated to the time zero and 
referred to mg. of total N of the samples. For each test, a suspension of 
the cell fraction containing 100 to 300 y of N was added. 
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Succinic dehydrogenase was determined according to the Thunberg tech- 
nique; the time of decolorization of methylene blue by the enzyme was 
measured during incubation at 37° in evacuated Thunberg tubes. The 
activities were expressed in reciprocal times of incubation in minutes per 
100 y of total N. The following concentrations of the reagents were used: 
sodium succinate, 2.6 X 10° mM; methylene blue, 1.5 X 10° m; KCN, 
2X 10° m; phosphate buffer, pH 6.8, 1.8 X 10°? m. Samples of cell sus- 
pensions contained 50 to 200 y of total N for each test. 

Cytochrome oxidase was determined by measuring the amount of indo- 
phenol blue formed from a-naphthol and dimethyl-p-phenylenediamine 
hydrochloride after 5 minutes incubation at 37°.2 The dye was extracted 
with chloroform-alcohol mixture (9:1), and the color intensity was meas- 
ured in the Evelyn photoelectric colorimeter (filter No. 540). The par- 
ticulate suspension contained 10 to 35 y of total N. The possible inter- 
ference by reducing substances was tested by adding the heated samples 
toa mitochondrial suspension of known activity, and corrections were made 
when interference was found. 

Autolytic (catheptic) activity was determined by measuring the protein 
N liberated after 18 hours of incubation at 37° at pH 4.1 in acetate buffer. 
Toluene was added to prevent bacterial contamination. 


Isolation of “‘Large Droplets” Appearing After Iniection of Egg White 

Preliminary Purification of Droplets by Differential Centrifugation—The 
kidney homogenate, prepared as described above, was centrifuged in the 
refrigerator for 3 minutes at 1000 r.p.m. (about 116 X g), and the sediment, 
containing whole cells, nuclei, tissue fragments, and droplets, was discarded. 
The supernatant fluid was centrifuged for 20 minutes at 1500 r.p.m. (about 
260 X g). The sediment from this centrifugation containing most of the 
droplets, but contaminated with many nuclei, whole cells, and large mito- 
chondria, was retained, while the supernatant fluid, with some droplets and 
most of the mitochondria, microsomes, and the non-particulate matter of 
the kidney extract, was discarded. The sediment was resuspended by 
transferring and shaking it in a stoppered flask with cold 0.88 m sucrose so- 
lution. The suspension was subjected twice more to differential centrifu- 
gation as described above, thus eliminating most mitochondria, micro- 
somes, whole cells, and a part of the nuclei and further concentrating the 
droplets, along with many nuclei. The sediments of the short centrifuga- 
tions at 1000 r.p.m. were at times resuspended in sucrose solution and cen- 
trifuged a second time, 3 minutes at 1000 r.p.m., to obtain additional drop- 
lets in the supernatant material. 

Filtration through Cotton—The droplet concentrate in 0.88 m sucrose so- 


* Straus, W., unpublished work. 
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lution was now filtered through a column of cotton preparedinadvance. 4 
glass tube, 19 X 330 mm., with a constricted end, was connected to q 
suction flask with a rubber stopper. The tube was filled with dry pieces of 
non-absorbent cotton, and the cotton was washed with 0.88 Mm sucrose go. 
lution and chilled in the refrigerator. The impure droplet suspension was 
poured on the column and washed through with 0.88 m sucrose solution 
without suction. As soon as the filtrate became cloudy, the flask was ex. 
changed and the filtrate collected until it became almost clear again. If the 
filtrate was found by microscopic examination still to contain nuclei, the 
filtration was repeated through a fresh column of cotton. The large drop- 


Fic. 1. Large droplets, 1 to 5 u in diameter, mostly clumped, isolated from kid- 
neys of rats after intraperitoneal injection of egg white. Fixed with OsO,; stained 
with gentian violet. X 400. 


lets in the final filtrate were then separated by centrifugation for 20 minutes 
at about 2000 r.p.m. (about 464 X gq). 

All purification steps were checked by microscopic observations. Fig. 1 
shows a preparation of “large droplets” purified according to the method 
described. 

Conditions of Cotton in Filtering Tube—For successful purification, the 
density of the cotton inside the filtering tube must be carefully controlled, 
for, if too tight, many droplets will be retained and, if too loose, the purifi- 
cation will be incomplete. The density was regulated in the following way. 
After the column had been loosely packed with dry pieces of about 0.4 gm. 
each of non-absorbent cotton and the cotton had been washed with su- 
crose solution, the tube was filled with sucrose solution and was connected 
through a suction flask with the slight vacuum of a water pump. The 
cotton was thereby compressed throughout the column in a relatively uni- 
form manner. By alternately connecting and interrupting the suction, the 
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cotton was compressed little by little until the desired density was reached. 
This was estimated by compressing a constant amount, 4 to 4.5 gm., of 
cotton to about the same height, 150 to 170 mm., and by measuring the 
amount of sucrose solution, 40 to 60 ml., which dropped without suction in 
5 minutes through the column. The column used for the second filtration 
was usually somewhat more loosely packed and contained a little less cotton 
than the first column. 

Yield of Purified Large Droplets—Since the droplets vary greatly in den- 
sity and size (1 to 5 » diameter), many were lost during each centrifugation 
and were discarded with the supernatant material of the 20 minute centrif- 
ugations at 1500 r.p.m. and with the sediments of the 3 minute centrif- 
ugations at 1000 r.p.m. The final yield was therefore poor, only 3 to 5 mg., 
as estimated from the N content, of highly purified “large droplets” ob- 
tained from 20 to 25 gm. of kidney cortices of ten to twelve rats. It was 
not found practical to prolong the procedures by trying to retrieve droplets 
from the discarded fractions, except as previously mentioned from the sedi- 
ments of the 3 minute centrifugations at 1000 r.p.m. The whole procedure 
lasted 4 to 5 hours, including the removal and preparation of the kidneys 
from ten to twelve rats. 


Isolation of ‘Small Droplets” from Kidneys of Untreated Rats 

Because of their smaller size, the droplets from the kidneys of untreated 
rats sedimented at a higher centrifugal force than the droplets appearing 
after egg white injection. Although most of the latter settled in the centri- 
fuge tube together with nuclei and whole cells, the smaller droplets from the 
kidneys of untreated rats tended to sediment with the large mitochondria 
and were found concentrated in the bottom layer of the mitochondrial 
pellet. 

A small amount of these droplets was isolated in the following way. An 
0.88 m sucrose homogenate prepared from the kidneys of twelve rats, as 
described above, was centrifuged for 10 minutes at about 3000 r.p.m. (about 
1024 X g), and most of the nuclei, whole cells, and cellular débris were dis- 
carded with the sediment. The supernatant fluid was centrifuged for 2 
minutes at about 15,000 X g. The brown bottom layer of the pellet con- 
tained most of the droplets, contaminated with mitochondria, some nuclei, 
and whole cells, while the upper light brown layer contained mostly mito- 
chondria. This upper layer was removed as completely as possible with a 
glass rod, and the dark brown bottom layer with the droplets was taken up 
in about 8 ml. of 0.88 m sucrose solution. This suspension was again cen- 
trifuged for 2 minutes at 15,000 X g, and the dark brown sediment taken up 
in 5 ml. of sucrose solution. The suspension was then filtered through a 
column of cotton 90 X 22 mm., weighing 3 gm. The filtrate was centri- 
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fuged for 15 minutes at 3000 r.p.m. (about 1024 X g), and the sediment was 
taken up in about 5 ml. of 0.88 m sucrose solution and centrifuged again for 
15 minutes at 3000 r.p.m. The pellet of this last centrifugation consisted of 
small droplets, 0.5 to 1.5 w in diameter, as may be seen in Fig. 2. 

A shortened procedure was also adopted, in which filtration through 
cotton and the second centrifugation at 3000 r.p.m. were omitted. This 
resulted in relatively pure suspensions of droplets, contaminated, however, 
with some mitochondria. Since only two short centrifugations of 2 minutes 
and two centrifugations of 10 and 15 minutes, respectively, were employed, 
relatively short time of isolation decreased the danger of alteration and the 
yields were larger. Enzyme tests were also made with these less pure prep- 
arations and compared with the highly purified droplets described above, 





Fic. 2. Small droplets, 0.5 to 1.5 w in diameter, isolated from the kidneys of nor- 
mal, untreated rats. Fixed with OsO,; stained with gentian violet. > 400. 


The yield of small droplets from 20 to 25 gm. of kidney cortices (twelve 
rats) varied from 2 to 10 mg. according to the degree of purification, and the 
‘isolation lasted 2 to 3 hours. 


Properties of Isolated Large and Small Droplets 

Sediments of isolated large and small droplets show a characteristic dark 
brown color, differing markedly from that of mitochondrial sediments, 
which are a light yellow brown, and from microsomal sediments, which are 
a pink translucent white. Another characteristic property of the droplets 
is their sticky nature. In the purified state they adhere to the surface of 
the centrifuge tube or form clumps with each other (Fig. 1). The isolated 
droplets, both large and small, suspended in sucrose solution are stained 
supravitally by neutral red, Janus green, and methylene blue. After fix- 
ation with 2 per cent OsQ,, they are stained strongly by pyronine and less 
strongly by Gram’s stain. The same staining properties were observed by 
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Was ; : , , os we 
vf Oliver (4) and Oliver, MacDowell, and Lee! for the droplets in situ. In the 
aa dark field, both types of isolated droplets show a refractive rim and a darker 
ad 0 
center. 
eh Since accurate P determinations can be made colorimetrically with mi- 
vu ; : ; “el ; ; 
Thi nute amounts of material, the fractionation of P in the droplets into acid- 
Ny 
me 
“Ver, TABLE | 
~~ Fractionation of P in Large and Small Droplets, Mitochondria, and Microsomes 
ved. ; — sa iach 
the Acid-soluble P Lipide P | Ribonucleic acid P 
rep- | y P per mg. N | > P per mg. N 7 P per =. a 
Ove. Large droplets... in 6.2 30.6 | 8.9 
Mitochondria. .. ae tae 10.8 55.5 11.5 
Microsomes. . 14.7 80.2 | 24.1 
TABLE II 
Specific Enzymatic Activities of Large and Small Droplets and Other 
Cytoplasmic Fractions from Rat Kidneys 
| Fm eon 
Alkaline |,_; : Cyto- ehycro- | Autolyti 
fe a: on ped omy ATPase; 1 chrome + acc odiivley; 
tase; 1 hr.|,PP&*4Se; ‘Ihr. incuba-| Catalase; | oxidase; | T°C!proca per cent 
Negme Bet hr. incuba-|",: : decoloriza- en RY 
incubation, ti H tion, pH kt per |indophenol tion ti protein N 
ee Pred p|7-3; mg. | me. N | blue — af ante autolyzed 
mg. P per| ~"* 5". |per mg. N | per mg. N “| in 18 hrs., 
we. N | Per mg. N per 5 min.| ©? blue 37°, pH 4.1 
per 0.1 
mg. N 
nor- 
Large droplets 0.35 1.11 0.51 0.09 1.1 0.10 32 
Small i 0.32 1.62 0.76 0.10 2.4 0.28 35 
‘elve Mitochondria 0.12 0.14 1.94 0.76 | 27.6 1.34 42 
| the Microsomes (2.7)* 0.25 | (2.3) (0.21) | (6.1) (0.43) 22 
7.9 3.6 0.08 | 2.5 0.15 
Supernatant fluid....} 0.30 0.18 1.35 0.97 | 
Total homogenate. . 0.83 | 0.23 1.39 0.89 6.7 0.33 
dark * The figures in parentheses represent the activity of the lower layer of the sedi- 
ants, ment. 
are t Velocity constant of H,O. decomposition reaction. 
rlets ial ian , i ees 
aa soluble P, lipide P, and ribonucleic acid P was chosen as the first step of 
ated analysis. In Table I the P fractionation of the large and small droplets is 
‘ned compared with that of the mitochondria and microsomes. It can be seen 
fix. that both large and small droplets contain phospholipides and ribonucleic 
we acid, as demonstrated histochemically by Oliver (4) and Oliver, MacDowell, 
iby and Lee.! 
’ The possibility of studying the enzyme content of the droplets was limited 
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by the availability of methods which would permit determination in a fey 
mg. of test material. With this limitation, it was decided to begin the 
analysis by a study of the following enzymes: alkaline and acid phospha- 
tase, ATPase, cytochrome oxidase, succinic dehydrogenase, catalase, and 
autolytic (catheptic) enzymes. The same enzymes were determined in the 
mitochondrial, microsomal, and supernatant fractions and in the total ho- 
mogenate from the kidney cortices of untreated rats. The enzymatic ae. 
tivities were referred to the total N of the samples. The figures thus repre. 
sent specific activities, not the enzyme content of whole fractions. 

Table II summarizes the results of the enzyme analysis. The figures are 
averages of three to five determinations in which there were only small devi- 
ations, except in the microsomal fraction. A marked inhomogeneity of this 
fraction was revealed when the upper and lower layers of the sediment were 
analyzed separately. The inhomogeneity was notable, especially in the al- 
kaline phosphatase content of the two layers. This enzyme probably orig. 
inated to a large extent from disintegrated material of the brush border, 
since alkaline phosphatase has been shown histochemically by several 
investigators to be strongly concentrated there. In Table II the figures for 
the lower layer of the microsomal sediment appear in parentheses. 


DISCUSSION 


It was not possible to make a direct comparison of the total enzyme con- 
tents of whole fractions in addition to specific activities, since many drop- 
lets were lost during the isolation. While the “large droplets” from rats 
injected with egg white constitute a small percentage of the total homogen- 
ate, the “‘small droplets” from the kidneys of untreated rats represent an 
even smaller proportion. The properties of such small cell fractions could 
be easily overlooked if the enzyme content of different fractions were com- 

pared. However, by comparing specific activities, the properties of very 
~ small fractions will be detected. Acid phosphatase, for example, was found 
to be 8 times more concentrated in the small droplets from the kidneys of 
untreated rats than in mitochondria and microsomes, although the total acid 
phosphatase, which the relatively few droplets of the normal kidney cells 
contain, is small compared with the acid phosphatase present in low con- 
centration in the bulky mitochondrial, microsomal, and supernatant frae- 
tions. 

The possibility of the loss of substances through diffusion, or of the con- 
tamination of the fractions by adsorption or by imperfections of techniques 
in separation, always has to be borne in mind when cell fractions are isolated 
and analyzed (6). The critical evaluation of the homogeneity and altera- 
tion that may have occurred during the procedure was facilitated in our 
experiments by the possibility of comparing two different types of drop- 
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lets, those from animals injected with egg white and those from untreated 
animals. The two types of droplets were obtained by quite different pro- 
cedures of isolation: different times and speeds of centrifugation, different 
types of contamination, necessity for filtration through cotton in one case 
only. Since the two fractions isolated under such different conditions 
showed similar results on repeated analysis, this may be taken as an indi- 
cation that the two fractions were relatively homogeneous and unaltered 
by the procedure. 

The most striking result of the enzymatic analysis is the high acid phos- 
phatase content of both types of droplets. They were also found to contain 
alkaline phosphatase and ATPase, although in lower concentrations than 
the total homogenate. The presence of proteolytic enzymes can be inferred 
from the autolytic activity of the droplet suspension at pH 4.1. Oliver, 
MacDowell, and Lee’ have studied in kidney slices in vitro the alterations 
and gradual disappearance of droplets which occur after the injection of egg 
white and other proteins and have also concluded that proteolytic enzymes 
may be active in these phenomena. 

Our analyses have indicated a low content of cytochrome oxidase and suc- 
cinie dehydrogenase in both large and small droplets. These observations 
need confirmation, since the method employed for the estimation of suc- 
cinic dehydrogenase is only approximate and the method for cytochrome 
oxidase was applied for the first time. This latter method? becomes in- 
accurate if test samples contain low concentrations of cytochrome oxidase 
and high concentrations of reducing agents. The degree of this interference 
can be estimated by destroying cytochrome oxidase in the samples by heat 
and adding the heated samples to a mitochondrial suspension of known 
activity. This was done with a “small droplet ” suspension, and about 20 
per cent inhibition of indophenol blue formation by mitochondria was ob- 
served. Presumably, a similar interference would be found with suspen- 
sions of large droplets. A correction of 20 per cent was therefore made in 
the figures for cytochrome oxidase of the droplets in Table II. The cor- 
rected figures thus may be interpreted as indicating a low concentration of 
cytochrome oxidase in the droplets or as expression of contamination by 
mitochondria. The latter of these possibilities seems more likely, since lit- 
tle indophenol blue formation by the droplets was observed microscopically 
when optimal concentrations of a-naphthol and dimethyl-p-phenylenedi- 
amine hydrochloride were added to a purified droplet suspension in 0.88 m 
sucrose solution. 

The characteristic high acid phosphatase content of the droplets may aid 
in the elucidation of their origin and function. It is interesting to compare 
the droplets with certain other cellular fractions that are known to have a 
high acid phosphatase content. Novikoff, Podber, Ryan, and Noe (11) 
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have shown recently that suspensions of isolated mitochondria and micro. 
somes from rat liver cells are not homogeneous, and that a “dense micro. 
some” fraction contains much acid phosphatase. Palade (12) and Berthe 
et al. (13) had previously indicated the presence of acid phosphatase in mito. 
chondria of rat liver. 

As will be shown in a later communication, the large droplets isolated 
after intraperitoneal injection of egg white contain these proteins, esti. 
mated serologically, to about 6 per cent of their mass, thus confirming 
Oliver’s hypothesis concerning the function of these cellular constituents in 
the reabsorption of proteins. The small droplets, isolated from the kidneys 
of untreated rats, were found to be similar to the large droplets in chemical 
and enzymatic composition and in staining properties, and thus probably 
are related to them in origin and function. Small droplets with the same 
staining properties have been observed by Oliver (4) in the kidneys of un- 
treated rats and to increase greatly in number after intraperitoneal injection 
of various amino acids. Lee* has been able to demonstrate histocheni- 
cally that the injected amino acids are concentrated in these small droplets. 
Granules of various sorts have been described by many investigators in 
kidney cells and have recently been studied and reviewed by Sjéstrand (14). 
The staining of the droplets by neutral red recalls similar staining properties 
of Golgi’s bodies (15), in which acid phosphatase has been demonstrated 
histochemically (16-18). It may also be noted that the clumps formed by 
the sticky droplets in the isolated state (Fig. 1) resemble somewhat so called 
Golgi networks. The question also arises whether a relationship exists be- 
tween the droplets from kidney cells and the basophilic inclusions observed 
by Lagerstedt (19) in liver cells during protein incorporation, and the 
neutral red-stainable ‘“‘secretory granules’? discussed by Claude (20) and 
Hogeboom, Schneider, and Palade (5). The demonstration of high con- 

centrations of phosphatases in these liver granules might clarify this point. 


SUMMARY 


1. The droplets appearing in the kidney of rats after intraperitoneal injec- 
tion of egg white have been isolated in relatively high purity, but in small 
yield, by means of filtration through a column of non-absorbent cotton after 
preliminary purification by differential centrifugation. 

2. Smaller droplets were isolated from the kidneys of untreated rats, 
which resemble the larger ones, appearing after egg white injection, in stain- 
ing properties, pigmentation, and chemical and enzymatic properties. 

3. Both types of droplets contain phospholipides and ribonucleic acid. 
They are stained supravitally by neutral red, Janus green, methylene blue, 
and, after OsO, fixation, by pyronine. 


3 Lee, Y. C., J. Exp. Med., in press. 
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4, A characteristic property is their high concentration of acid phospha- 
tase. They also contain alkaline phosphatase, ATPase, and proteolytic 
enzymes. With the methods used, only small amounts of catalase, succinic 
dehydrogenase, and cytochrome oxidase were found. 


I am greatly indebted to Professor Jean Oliver for his constant interest 


and advice. 
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THE EFFECT OF THYROXINE ON THE COENZYME 
A CONTENT OF SOME TISSUES* 


By IRVING I. A. TABACHNICK{ anp DESMOND D. BONNYCASTLE 


(From the Department of Pharmacology, Yale University School of Medicine, 
New Haven, Connecticut) 


(Received for publication, October 13, 1953) 


While the réle of thyroxine in the body’s growth, development, and 
maintenance is important, as yet no definitive mechanism or locus of action 
for it has been delineated. In a recent review, Barker (1) has considered 
many of the enzymatic phenomena associated with different thyroidal 
states, and it is obvious from a consideration of the effects of this hormone 
that its action has wide-spread ramifications. Martius and Hess (2) and 
others (3, 4) have shown that thyroxine can act as an uncoupling agent. 
Drabkin (5) observed that tissue levels of cytochrome c were influenced by 
thyroxine. Much of this type of evidence implicates thyroxine with the 
energetics of the body. Recently coenzyme A (CoA) has been shown to 
be necessary in many biochemical processes (6), and it is known that a 
number of these CoA-dependent phenomena are influenced by thyroxine. 
Minz and Cohen (7) have suggested that there is a possible interrelation- 
ship between CoA and thyroxine in intestinal peristalsis. Because of the 
possible interrelationship between CoA and the tissue levels of thyroxine, 
it was considered to be worth while to investigate the influence of thyroxine 
on CoA levels in the tissues of the rat. 


Procedure 


General—Male albino rats (Wistar strain, Putney Farm) were used as 
experimental animals. In the first series of experiments the weight range 
was 90 to 150 gm., while in the second series it was 250 to 350 gm. The 
purpose of the first set of experiments was to determine the effect of thy- 
roxine upon the CoA levels of liver, heart, brain, and intestine. In the 
second series, attention was directed to the changes in the liver CoA levels. 


* This investigation was carried out in partial fulfilment of the requirements for 
the degree of Doctor of Philosophy, Yale University, New Haven, Connecticut, and 
was supported in part by grants from the James Hudson Brown Memorial Fund of 
the Yale University School of Medicine, and from the Schering Corporation. 

Appreciation is expressed for the kindness of Dr. Fritz Lipmann, Harvard Uni- 
versity, in supplying a standardized sample of CoA, and also to Dr. Arthur E. Hem- 
ing, Smith, Kline and French Laboratories, Philadelphia, Pennsylvania, for gener- 
ous samples of sodium L-thyroxine pentahydrate. 

+ Predoctoral Fellow, National Cancer Institute. Present address, Baxter Lab- 
oratories, Morton Grove, Illinois. 
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The rats were divided into control and experimental groups. The tomiz 
experimental group was maintained for 1 month on a low iodine diet (8), of th 
and in the first study one of the control groups was also maintained on this 
diet. The remainder of the controls from the first study and all the con. 
trols in the second study were maintained on Purina laboratory chow. 

Thyroidectomy—After 1 month on the low iodine diet, the rats to be Th 
thyroidectomized were each treated with a large subcutaneous dose of 


: a= ‘ ‘ . Grou 

carrier-free I'*! (750 ue.). Some 2 months later it was clear that these as 
animals were thyroidectomized, and the experiments were then begun. f 

A 

Experimental Design B 

. ‘ , ‘ ‘ ’ : C 

When it was considered that the thyroidectomized animals were suit- 
able for experimental purposes, they were separated into two groups, ( D 


and D, and to each member of the latter group were given 150 y of sodium 
L-thyroxine pentahydrate per 100 gm. of body weight. (This dose of 
L-thyroxine has been shown to cause an increase in oxygen uptake within 
48 hours.)! 

About 48 hours after the administration of the thyroxine, the rats in all 
the groups (Group A, normal controls; Group B, controls on a low iodine or 
diet; and the two groups of thyroidectomized rats) were killed by a blow fe 
on the head. The tissues for examination were removed rapidly and — 
prepared for CoA assay, which was carried out with the use of the method 
described by Kaplan and Lipmann (9). 

In the second series of studies, an attempt was made to determine 
whether any effect in vitro could be produced by thyroxine. For this 
purpose 30 y of sodium t-thyroxine pentahydrate were added to boiled 





aliquots of the tissue extracts obtained from Group C (the untreated si. 
thyroidectomized group) prior to incubation. t 
roxir 

Results cant! 


The results of these experiments are presented in Tables I and IT. The 
findings in the first study (Table I) are insufficient to carry out a statistical 


evaluation, but they do indicate that the liver is very rapidly affected by T 
thyroxine with respect to its content of CoA. Table II presents the find- thos 
ings in the second series of studies, and here it is noted that the liver CoA Tab 
levels in the three groups, normal controls, the thyroidectomized group, Kay 
and thyroidectomized rats treated with thyroxine, are significantly dif- ean 
ferent from one another, the thyroidectomized group being at the lowest gror 
level and the thyroidectomized group treated with thyroxine being at the and 
highest level (some 78 per cent greater than the value found in the un- I 
treated thyroidectomized group). The addition of thyroxine (30 y) to upo 
boiled aliquots of the liver extract (Group E, Table II) from the thyroidee- case 

was 


1 Private communication from Dr. D. Holtkamp. 
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tomized group did not result in a significant change in CoA concentration 
of the aliquot. 


TABLE I 
Tissue CoA Concentrations in Various Thyroidal States 


The values are given as the average CoA units per gm. of fresh tissue. 








Group Treatment — Liver Heart Brain Intestine 
a ——— . | |-— 
A Normal; normal diet 4 | 91 + 18.7) 32 + 4.3) 13 + 0.9) 13 + 0.7 
B ” low iodine diet| 5 | 844 7.3) 29+ 1.7) 8 + 1.2) 11 + 3.4 
® Thyroidectomized; low, 5 49+ 7.8) 18 + 2.1) 9+ 0.3) 7+ 1.3 
iodine diet 
D | Thyroidectomized; low) 4 | 121 + 13.2) 25 + 1.7) 12 4 1. 10 + 1.3 
iodine diet + 150 4 | } 
Na L-thyroxine | 


TaBLeE II 
Effect of Thyroxine upon CoA Level of Liver 





Group Treatment No. of rats Mean pmo digs nk a =. 
=i a 
A Normal; normal diet 8 129.5 + 3.6* 
C Thyroidectomized 10 93.2 + 8.5* 
D si + 150 y Na| 11 | 166 + 8.9* 
L-thyroxine pentahydrate 
Et Group C + 30 y thyroxine | 10 | 80.5 + 8.1 





* All the values differ significantly statistically. 

t In each instance an aliquot of boiled extract from Group C had 30 y of Na L-thy- 
roxine added prior to incubation. The CoA levels recorded did not differ signifi- 
cantly from those found in Group C. 


DISCUSSION 


The control levels of coenzyme A (Group A, Table I) do not agree with 
those previously reported (9). On the other hand, the control values in 
Table II (Group A) are in close agreement with the figures reported by 
Kaplan and Lipmann. It is probable that the differences in these data 
can be attributed to the differences in weight of the animals of the two 
groups (90 to 150 gm. in Table I; 250 to 350 gm. in Table II). Kaplan 
and Lipmann do not report the weights of the animals used. 

It appears quite clear from Table I that thyroxine exerts an influence 
upon the level of CoA in various tissues. In the second series, in the 
case of the liver this influence is shown to be significant, although there 
was not as great a change (78 per cent increase compared with 147 per 
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cent). In collateral studies it was demonstrated that triiodothyronine 
had a similar influence upon the CoA levels of tissues, but, as in most other 
tests comparing the effects of thyroxine with those of triiodothyronine, 
the latter was found to be more active (3 to 5 times).2 

The addition in vitro of thyroxine to aliquots of liver from the thyroidee. 
tomized animals, carried out in the second series of investigations, showéd 
that, while in vivo effects could be demonstrated following the administra. 
tion of thyroxine, no such changes were observed following the addition 
in vitro of thyroxine in relatively high amounts (30 y). 

It seems reasonable to expect that thyroxine would raise the concen. 
tration of CoA in various tissues, but not necessarily at the same rates, 
A possible explanation for the marked effects observed upon the liver in 
contrast to other tissues is found in the experiments of Albert and Keating 
(10), who observed that the liver seems to collect thyroxine so that, by 36 
hours after administration of labeled thyroxine, the liver contains much 
more thyroxine than the rest of the body. 

If thyroxine influences the energetics of the organism, it may be assumed 
that increased amounts of adenosinetriphosphate will be formed. Since 
Novelli (11) has demonstrated that adenosinetriphosphate is involved in 
the formation of CoA from pantetheine, the influence of thyroxine on CoA 
concentration may be secondary to a general enhancement of metabolic 
processes. 


SUMMARY 


The coenzyme A levels of liver, heart, brain, and small intestine have 
been determined in rats which were either normal, thyroidectomized, or 
thyroidectomized and treated with 150 y of sodium L-thyroxine penta- 
hydrate. 

It was determined that the level of coenzyme A in the tissues was in- 
- fluenced markedly by thyroxine. 
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2 Unpublished data, Van Wessem, R., Tabachnick, I. I. A., and Bonnycastle, 
D. D. 
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THE SYNTHESIS OF COENZYME A FROM PANTETHEINE: 
PREPARATION AND PROPERTIES OF PANTETHEINE 
KINASE* 


By LEON LEVINTOW7 anv G. DAVID NOVELLI} 


(From the Biochemical Research Laboratory, Massachusetts General Hospital, 
and the Department of Biological Chemistry, Harvard Medical 
School, Boston, Massachusetts) 


(Received for publication, July 14, 1953) 


It had previously been shown (1-3) that extracts of pigeon liver could 
convert pantetheine and ATP to CoA! in low yield. It was found, how- 
ever, that fresh extracts of pigeon liver, from which CoA has been removed 
with Dowex 1 rather than by aging, effected a much more vigorous synthesis 
of CoA. Since the aging procedure apparently inactivated the enzyme 
responsible for the conversion of pantetheine to phosphopantetheine, purifi- 
cation of this enzyme was carried out starting with freshly prepared ex- 
tracts. 


EXPERIMENTAL 


Materials—Synthetic pantetheine and the three phosphopantetheines 
used in these studies were kindly supplied by Dr. J. Baddiley (4-6). ATP 
was obtained as the disodium salt from the Pabst Laboratories. CoA was 
prepared in this laboratory by the method of Gregory et al. (7). Phospho- 
pantetheine was prepared enzymatically by treating CoA with purified CoA 
pyrophosphatase (1). Prostate phosphomonoesterase was kindly supplied 
by Dr. G. Schmidt. Protamine sulfate was obtained from the Nutritional 
Biochemicals Corporation, and through the courtesy of Sharp and Dohme, 
Inc. Calcium phosphate gel was prepared by the method of Keilin and 
Hartree (8). Dowex 1 (200 to 400 mesh) was obtained from The Dow 
Chemical Company and washed with HCl as previously described (9). 

Methods—CoA was determined by measuring sulfanilamide acetylation 

* This work was supported in part by a research grant from the Office of Naval 
Research, contract No. NONR 606. Part of the work was presented at the 122nd 
meeting of the American Chemical Society, Atlantic City, September 14 to 19, 1952. 

+ Surgeon, United States Public Health Service. On leave from the National 
Cancer Institute, National Institutes of Health, Bethesda, Maryland. 

{Present address, Department of Microbiology, School of Medicine, Western 
Reserve University, Cleveland, Ohio. 

1The following abbreviations will be used: coenzyme A = CoA; adenosinetri- 
phosphate = ATP; adenosinediphosphate = ADP. 
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with aged crude pigeon liver extracts (10). Phosphopantetheine was alg 
measured by this procedure, since it is readily converted to CoA by pigeon 
liver extracts and ATP. Pantothenic acid was measured microbiologically 
with Lactobacillus arabinosus as previously described (1), except that the 
medium of Craig and Snell was employed (11). Pantetheine was deter. 
mined as a function of the growth of Lactobacillus helveticus H-80* with the 
same medium; protein by the turbidimetric method of Bucher (12). 

Fractionation of Enzymes—Acetone powder of pigeon liver (10) was ex. 
tracted for 30 minutes with 10 volumes of ice-cold 0.02 m KHCOs, and the 
residue was removed by centrifugation at 5°. 200 ml. of the extract, con- 
taining 6.5 mg. of N per ml., were treated with 10 ml. of 2 per cent prote- 
mine sulfate (added dropwise, with stirring); the precipitate was centrifuged 
at 5° and discarded. The supernatant solution was treated with an addi- 
tional 20 ml. of 2 per cent protamine sulfate. This second supernatant 
fraction was entirely inactive in converting pantetheine to CoA but was as 
active as the original extract in catalyzing the synthesis of CoA from phos. 
phopantetheine. It therefore seemed that a separation of the initial step 
from the succeeding steps in the synthesis of CoA from pantetheine had 
been achieved. 

The enzyme catalyzing the phosphorylation of pantetheine was further 
purified as follows: the gummy precipitate from the second protamine treat- 
ment was suspended in 50 ml. of cold 0.02 m phosphate buffer, pH 7.0, 
stirred for several minutes, and centrifuged. 

The supernatant fraction was treated with 75 ml. of calcium phosphate 
gel (dry weight, 29 mg. per ml.) which adsorbed almost all the activity. 
Elution was achieved with a single treatment with 25 ml. of cold 0.2 x 
K2HPO,. The eluate was dialyzed for 12 hours against 0.04 m KCl at 5°. 
The procedure gave a 16-fold purification with 50 per cent recovery of the 
activity of the original extract. 

Assay of Enzyme Activity—Pantetheine is readily phosphorylated by 
ATP in the presence of pantetheine kinase. The reaction is followed by 
converting the reaction product to CoA through a second incubation with 
the supernatant fraction from the second protamine treatment. Since this 
latter fraction also contains the enzyme system for acetylating sulfanil- 
amide, the CoA formed can be simultaneously measured. As shown in 
Fig. 1, the phosphorylation of pantetheine proceeds in a nearly linear fash- 
ion until most of the pantetheine has reacted, and, in the presence of an 
excess of ATP, continues until all the pantetheine is phosphorylated. 

Properties of Enzyme—As has been indicated, the enzyme is largely in- 
activated after 4 hours at 25°. It is completely inactivated by heating to 
50° for 10 minutes, and the partly purified preparation very slowly loses 
activity when stored in the frozen state at — 10°. 


? A culture of this organism was kindly provided by Dr. E. E. Snell. 
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The reaction does not proceed in the absence of divalent cations. Mnt+ 
js about one-fourth more effective than Mgt*; both are optimal at 0.01 m. 
Cat+ is about one-half as effective as Mn**, while Co**+, Cut*, and Fet+ 
are inactive. Omission of phosphate ions from the incubation mixture re- 
duces the rate by one-half or more. 
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Fig. 1. Progress of phosphopantetheine synthesis. Each tube contained pante- 
theine equivalent to 2.2 CoA units, 5 um of MgCls, 2.5 um of ATP, 100 um of phosphate 
buffer, pH 7.0, and pantetheine kinase containing 0.03 mg. of protein nitrogen in a 
volume of 0.25 ml. The tubes were incubated at 37° and the reaction was stopped by 
immersing in boiling water for 2 minutes. Then the sulfanilamide acetylation sys- 
tem and 0.15 ml. of protamine supernatant fraction, previously aged for 4 hours at 
room temperature, were added to each tube. The incubation was continued for 
60 minutes at 37°. The amount of sulfanilamide acetylated was compared with 
values for standard CoA under the same conditions. 


A peak of maximal activity is observed at pH 6.5 when Mnt* is employed 
as the activating ion. However, when Mg** is employed, the maximum 
lies at pH 7.2. 

Maximal rates are observed with pantetheine concentrations of 2 x 10-* 
M, the substrate curve giving a Michaelis-Menten constant of 10-5 m with 
respect to pantetheine. An ATP concentration of 6 X 10-* M is required 
for maximal activity, and the reaction rate diminishes again if the ATP 
concentration exceeds 3 X 10°? M. 

Identification of Product—Since the rate of synthesis was slow (about 1 ym 
per hour per mg. of protein nitrogen), it was not possible to accumulate suffi- 
cient product to allow isolation. Consequently, indirect methods were 
employed to identify the product as phosphopantetheine. 
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Phosphopantetheine is converted to pantetheine by the action of prog 
tate phosphomonoesterase, and the latter compound cannot serve ag 4 
CoA precursor with the pigeon liver supernatant fraction. After treatment 
of the pantetheine kinase product with phosphomonoesterase, the ability to 
serve as a precursor of CoA was similarly lost. 

Previous observations have shown that phosphopantetheine derived from 
CoA by treatment with CoA pyrophosphatase is about 3 times as active ip 
stimulating the growth of Acetobacter suboxydans as is CoA (13, 14). This 
is also true of the enzymatically synthesized material. 


TABLE [ 


Enzymatic Conversion of Various Phosphopantetheines to CoA by 
Purified Pigeon Liver Enzymes 





Per cent converted to CoA 








| 
Pemtetmeine........6. 6c. s es Se Pe te ee ee eT Te ere | 0 
0 


IODINE ois ok odd bie evens ccd ntevewwe 

Cyclic phosphopantetheine........................0.008. 0 
dl-4’-Phosphopantetheine...................cccccecseenes | 39 
d(+)-4’-Phosphopantetheine......................00.000- 82 
Pantethoine kinase product......... 5.0.0.2... cc cece cenes | 90 
CoA pyrophosphatase product....... ; ; al 85 














Each tube contained aged protamine supernatant fraction, 10 um of cysteine, 10 
uM of ATP, 5 um of Mg*tt, 0.1 m PO,, pH 7.2, and 0.1 ue of the test compound ina 
final volume of 1.0ml. The tubes were incubated for 1 hour at 37°. The pantetheine 
kinase product was prepared by preincubating pantetheine and ATP with the purified 
enzyme. The CoA pyrcphosphatase product was prepared by incubating CoA with 
snake venom CoA pyrophosphatase (1). 


While these studies were in progress, Baddiley and Thain (15) found that 
‘ mild acid or alkaline hydrolysis of CoA gave rise to a product indistinguish- 
able by paper chromatography from pantothenic acid 4’-phosphate. This 
suggested that the product of pantetheine kinase was 4’-phosphopante- 
theine. Subsequently, Baddiley et al. (6) synthesized various phosphate 
esters of pantetheine and these compounds were compared with the product 
of pantetheine kinase and with that of CoA pyrophosphatase. From the 
results of this experiment, shown in Table I, it is clear that only the d (+) 
isomer of 4’-phosphopantetheine is converted to CoA. This experiment 
thus identifies the product of pantetheine kinase as 4’-phosphopantetheine. 
The reaction may be formulated as shown in the accompanying scheme. 
The enzymes responsible for the remaining steps in CoA synthesis will be 
discussed in the following communication (16). 
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CH; O O 


| 
H0—CH.—C—CHOH—C—NH—CH:—CH:—C—NH—CH:—CH,—SH + 
| 


CH; (pantetheine) 
ATP pantetheine 
‘ kinase 


OH CH; 1 
| 


| 
0 = P—O—CH:—C—CHOH—C—NH—CH:—CH,—C—NH—CH,—CH;—SH + ADP 


OH CH; (4’-phosphopantetheine) 
SUMMARY 


The enzyme catalyzing the phosphorylation of pantetheine has been sep- 
arated from the succeeding steps in CoA synthesis and partially purified. 
Several characteristics of ‘“pantetheine kinase’ have been studied. The 
product of the reaction between ATP and pantetheine has been shown to be 
4'-phosphopantetheine. 


We wish to thank Dr. Fritz Lipmann for his encouragement, advice, and 
continued interest during this investigation. 
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BIOSYNTHESIS OF COENZYME A FROM PHOSPHOPANTE- 
THEINE AND OF PANTETHEINE FROM 
PANTOTHENATE* 


By M. B. HOAGLAND{ anv G. DAVID NOVELLI} 


(From the Biochemical Research Laboratory, Massachusetts General Hospital, 
and the Department of Biological Chemistry, Harvard Medical 
School, Boston, Massachusetts) 


(Received for publication, July 14, 1953) 


The enzymatic degradation of CoA,! giving rise to various fragments 
which are resynthesized to CoA by pigeon liver extracts, has been reported 
in a previous communication (1). Fractionation resulted in the isolation 
of the enzyme, pantetheine kinase, which converts pantetheine and ATP 
to 4’-phosphopantetheine (2). 

The present communication will describe the preparation and purification 
of the enzymes involved in the conversion of 4’-phosphopantetheine to CoA. 


EXPERIMENTAL 


Materials—Pantetheine and 4’-phosphopantetheine were synthetic pro- 
ducts generously supplied by Dr. J. Baddiley (3). Dephospho CoA was 
prepared from CoA with the specific adenosine-3’-phosphate nucleotidase 
from barley (4) which was kindly supplied by Dr. Nathan Kaplan. Acetyl 
phosphate was prepared by the method of Stadtman and Lipmann (5). 
For other reagents see the preceding paper. 

Methods—CoA was determined by the phosphotransacetylase assay (6); 
CoA standardized by sulfanilamide acetylation (7), acetyl phosphate by 
the hydroxamic acid method of Lipmann and Tuttle (8), protein by the 
turbidimetric procedure of Bucher (9), and inorganic phosphate and pyro- 
phosphate by the time-color method of Lipmann, Flynn, and Jones? were 
used as standards of reference. 


* This work was supported in part by a research grant from the Office of Naval 
Research, contract No. NONR 606. 

+ American Cancer Society Scholar. 

t Present address, Department of Microbiology, School of Medicine, Western 
Reserve University, Cleveland, Ohio. 

! The following abbreviations will be used: Coenzyme A = CoA; adenosinetriphos- 
phate = ATP; adenosinediphosphate = ADP; inorganic pyrophosphate = P-P; di- 
phosphopyridine nucleotide = DPN; 4'-phosphopantetheine = p-pantetheine; tris- 
(hydroxymethyl)aminomethane = Tris; trichloroacetic acid = TCA. 

* Lipmann, F., Flynn, R. M., and Jones, M. E., unpublished. 
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Results 


Localization in Cell Fractions of Enzymatic Steps in Conversion of Pant. 
theine to CoA—Sonically disrupted, Dowex-treated mitochondrial, micro. 
somal, and nuclear fractions, prepared according to Schneider and Hoge. 
boom (10) from pigeon liver, were found to contain relatively little CoA. 
synthesizing activity compared to a liver supernatant fraction free of theg 
particles. Mitochondria contained all three enzymes in amounts large 
enough to make a clear cut statement about localization of the enzyme 
in particles impossible. 

The supernatant fractions of rat and hog liver were found to be about as 
active as those from pigeon liver in the conversion of pantetheine to CoA, 
Because of its ready availability, the hog liver supernatant fraction was used 
as a source of the enzymes for purification. The enzyme catalyzing the for. 
mation of dephospho CoA from phosphopantetheine and ATP has been 
named enzyme ‘“C’? (C=dephospho CoA pyrophosphorylase), while the 
enzyme transforming dephospho CoA to CoA has been called “dephos- 
pho CoA kinase (K,;).” 

Assay for K:;—Ky was followed by measuring the transformation of 
dephospho CoA to CoA under the following conditions: 0.2 um of dephospho 
CoA (about 60 units), 1.0 um of ATP, 5.0 um of Mgt, 10.0 uM of cysteine, 
40 un of glycylglycine buffer, pH 7.4, and enzyme sufficient to make 10 to 20 
units of CoA. The incubation was at 37° for 30 to 60 minutes in a final 
volume of 1.0ml. The reaction was stopped by boiling for 2 minutes, and 
CoA was measured by the phosphotransacetylase assay on an aliquot of 
the supernatant fraction. 

Assay for Dephospho CoA Pyrophosphorylase—In the cruder preparations 
both enzymes C and Ky, were present and any dephospho CoA formed from 
phosphopantetheine was converted to CoA; therefore, the assay conditions 

given above for Ky; were employed, except that the ATP concentration was 
increased to 5 to 10 wm and the substrate was phosphopantetheine. 

However, in the more highly purified enzyme preparations, the activity 
of C was also determined directly by measuring the formation of inorganic 
pyrophosphate, the other product of the reaction. 2 ym of phosphopante- 
theine, 5.0 ym of ATP, 2.0 um of Mgt, 10 um of cysteine, and 40 um of 
glycylglycine buffer, pH 7.4, were incubated with enzyme sufficient to make 
1 to 2 um of inorganic pyrophosphate in 1.0 hour at 37° in a final volume of 
1.0 ml. The reaction was stopped with 0.2 ml. of 25 per cent TCA, and 0.4 
ml. of the supernatant fraction was taken for pyrophosphate determination. 

The activity of both K,,; and C is expressed in terms of units of product 
(determined as CoA) synthesized per 30 minutes per mg. of protein under 
the specified conditions. 

Purification of C and K;; from Hog Liver Supernatant Fraction—Fresh hog 
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liver (usually 3 kilos at a time) was ground and blended in a Waring blendor 
for 45 seconds with an equal volume of 0.15 m KCl. This homogenate was 
filtered through cheese-cloth and centrifuged in the preparative Spinco at 
40,000 X g for 1.5 hours to remove microsomes. 

The supernatant fraction was diluted with 2 volumes of water and treated 
with 0.06 volume of 2 per cent protamine sulfate and the resulting precipi- 
tate collected in a Sharples centrifuge at 50,000 X g and discarded. The 
supernatant fraction was adjusted to pH 8.0 with Tris and brought to 38 
per cent saturation with solid ammonium sulfate. The precipitate was col- 
lected, dissolved in water (to make about 50 mg. of protein per ml.), and 
treated with 2.5 to 5 volumes of calcium phosphate gel (36 to 40 mg. per ml. 
of dry weight) to remove impurities. The supernatant fraction was re- 


TaBLeE [ 


Formation of Inorganic Pyrophosphate during Synthesis of 
CoA from Phosphopantetheine 





=; iv oni ~~ a 2 ." uM | pM 
Enzyme + ATP......... i> Seca entrees seas 0 | 0 
A We AMEOUNOING... <5 .5e oaicas cucscvese | 0 | 0 
« + ATP + p-pantetheine............... | 0.67 | 0.90 





0.83 mg. of protein was incubated for 60 minutes at 37° with 2 um of Mgt**, 10 
um of cysteine, 40 um of glycylglycine, pH 7.4, in a volume of 1 ml., and 2 um of p-pan- 
tetheine and 5 um of ATP were added as indicated. CoA was determined by phos- 
photransacetylase assay (6) on a small aliquot of the reaction mixture after boiling 
it for 2 minutes, and P-P was determined on an aliquot of the TCA filtrate of the 
remaining reaction mixture (see foot-note 2). 


adjusted to pH 8, the solution brought to 70 per cent ammonium sulfate 
saturation, and the precipitate collected and dissolved in water. All oper- 
ations were carried out as close to 0° as possible. These procedures gave an 
over-all purification of 100 (15 per cent recovery) for C and 125 (30 per cent 
recovery) for K,,; from the original homogenate. 

K,, or pantetheine kinase, is completely adsorbed on the gel. The use 
of 5 volumes of gel, although not giving as high a specific activity as 2.5 
volumes, yielded preparations relatively more rich in C and was free of 
ATPase. The enzyme preparations are quite stable when kept frozen. 

Nature of Reactions Catalyzed by C and K;;—The low ATPase and pyro- 
phosphatase activity of the gel preparations, and the fact that the relatively 
high activity permitted synthesis of CoA in micromolar quantities, allowed 
the direct measurement of the expected formation of inorganic pyrophos- 
phate. The experiment illustrated in Table I shows that pyrophosphate 
is formed in fairly good equivalence with the CoA synthesized. 
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Reversibility of Condensation Reaction—In general, condensation reactions | with 


between ATP and mononucleotides are expected to be reversible. Korn. | fuging 
berg and Pricer demonstrated that the condensation of nicotinamide mono. jsoton 
nucleotide with ATP yielding DPN and pyrophosphate is freely reversible Ass 


(11). We therefore tried to determine whether CoA synthesis likewise ig incub: 
reversible. Since C and K,, were present in the preparation, the following | 0.5 us 





dismutation could occur. ume 0 
(1) Dephospho CoA + P-P = ATP + phosphopantetheine for 21 

(2) Dephospho CoA + ATP > CoA + ADP in a 0 
—_——— $$ ——$__ — to Co 


Sum, 2 dephospho CoA + P-P > CoA + ADP + phosphopantetheine incub: 


In Reaction 1 ATP would be formed by a pyrophosphorolysis of dephos- | hog li 
pho CoA, and in Reaction 2 the newly formed ATP would be used by K, 


TABLE IT 
Dismutation of Dephospho CoA with Ky;, C, and Inorganic Pyrophosphate — 

















System CoA 
ee eG ee ee ae a — = ane Comp! 
| ‘. 
Enzyme + P-P..... 0 ae 
+ dephospho CoA. 0 “l 
P-P + dephospho CoA..... 0 With ¢ 
Enzyme + P-P + dephospho CoA.. 0.5 
sie 7" , gaia Gaia ceiet ait. 7 i nn 0.4 
3.2 mg. of protein were incubated for 65 minutes at 37° with 2 um of Mgt*, 10 odete 
uM of cysteine, 100 um of Tris buffer, pH 8.0, in a volume of 1 ml. P-P (2 um) or cae 
dephospho CoA (1.34 um) was added as indicated. The reaction was stopped by ri | 
boiling for 2 minutes and a suitably diluted aliquot was taken for CoA determination 
by phosphotransacetylase. ; 
teine, 


to convert dephospho CoA to CoA. The data of Table II show that, when | perna 
_ 1.34 yn of dephospho CoA are incubated with 2.0 um of pyrophosphate, 0.5 | minut 
pM of CoA is formed. This value approximates the theoretical for complete | prope 
reversibility which would have been 0.67 um of CoA. Res 
Characteristics of Enzymes—The pH optimum for dephospho CoA pyro- | With 
phosphorylase appears to be near pH 7.5, while that for K,, is nearer pH | tion ¢ 
9.0. Mg** is required by both enzymes. The optimal concentration for | cyste’ 
the condensation is about 2 X 10-* m. Both enzymes require the sub- | dialy: 
strate to be in the reduced form. Cysteine or H.S was found to be an effec- | are st 
tive reducing agent. a spe 
Synthesis of Pantetheine from Pantothenic Acid—Freshly prepared rat liver | quire 
supernatant fraction was found to be as active in converting pantothenic | repla 
acid to pantetheine as it was in the subsequent steps in CoA synthesis, while | nate, 
fresh pigeon liver supernatant fractions or acetone powder was inert. tive 
The supernatant fraction was prepared by homogenizing for 30 seconds }  hydré 
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with a Potter-Elvehjem homogenizer in 2 to 3 volumes of KCl and centri- 
fuging in the Spinco at 140,000 r.p.m. for 1 hour. It was dialyzed against 
isotonic KCI for 3 to 4 hours at 0° and treated with Dowex 1 to remove CoA. 

Assay Procedure—0.4 ml. of the Dowex-treated supernatant solution was 
incubated with 5 um of Mg*, 10 um of ATP, 50 uM of Tris, pH 7.7, 0.05 to 
0.5 pm of pantothenate (calcium salt), and 0.1 to 0.5 um of cysteine in a vol- 
ume of 1.0 ml. at 37° for 60 minutes. The reaction was stopped by boiling 
for 2 minutes. After centrifuging the protein, pantetheine was measured 
ina 0.5 ml. aliquot by converting it to CoA with the purified pantetheine 
to CoA-synthesizing system of hog liver supernatant fraction. The second 
incubation contained 0.2 ml. of the 0-38 ammonium sulfate fraction from 
hog liver supernatant fraction, 10 ym of ATP, 5 um of Mg**, 10 um of cys- 


TaB.Le III 


ATP, Pantothenate, and Cysteine Requirement for Pantetheine Synthesis 











Units CoA 
Complete system... SE ee ae Pee ee | 10.4 
Without ATP ee ; PE en ne ee ee 0 

en EC EE ere eT Pee ee 0 
x cysteine... (ee ee eee ee i 
With cystine replacing cysteine sai bag dati 1.5 





0.4 ml. of rat supernatant fraction, Dowex-treated and dialyzed 4 hours, was in- 
cubated with 10 um of ATP, 0.05 um of pantothenate, 0.05 um of cystine (or cysteine), 
5 um of Mg**, 50 uo of Tris buffer, pH 7.7, in a volume of 1 ml. at 37° for 30 min- 
utes. Pantetheine was converted to CoA as described in the text. 


teine, 100 ym of Tris, pH 8.0, and a 0.5 aliquot of the first incubation su- 
pernatant fraction in a volume of 1.0 ml. Incubation was at 37° for 60 
minutes. CoA was determined by the phosphotransacetylase assay on a 
properly diluted aliquot. 

Results—After freezing, activity dropped slowly over several weeks. 
With fresh preparations the synthesis of pantetheine requires only the addi- 
tion of pantothenate, but upon dialysis the system was found also to require 
cysteine. This compound produced a 7-fold increase in synthesis after 
dialysis. The requirements for ATP, pantothenate, cysteine, and Mgt+ 
are shown in Table III. Cystine isinactive. The fact that the system has 
a specific requirement for cysteine as such and not a general reducing re- 
quirement is illustrated by the fact that the following compounds failed to 
replace cysteine: homocysteine, thioacetate, thioglycolate, mercaptosucci- 
nate, 6-mercaptoethylamine, and H.S. Glutathione was nearly as effec- 
tive as cysteine, presumably because of liberation of cysteine due to 
hydrolysis. It should be noted that §-mercaptoethylamine is inactive. 
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These data suggested that the synthesis of pantetheine proceeded by ay 
initial condensation of pantothenate with cysteine in the presence of ATP 
to form pantothenylcysteine which is subsequently decarboxylated to pan. 
tetheine. In the meantime Brown and Snell (12) reported evidence sug. 
gesting pantothenylcysteine as a precursor for pantetheine in bacteria, 
They also observed that Acetobacter suboxydans was able to decarboxylate 
pantothenyleysteine to pantetheine. 

We have recently been able to test synthetic pantothenylcystine, for 
which we are indebted to Dr. J. Baddiley. The data of Table IV demon. 
strate that pantothenylcystine forms pantetheine in the absence of ATP 
The greater yield of pantetheine from pantothenylcystine in the presenc 
of ATP is due to the protective effect of ATP against the pantetheine. 
splitting enzyme. These data then confirm the observations of Brow 


TABLE IV 
Pantothenylcystine Replacement of ATP-Pantothenate-Cysteine System 








Units CoA 
Enzyme + ATP + pantothenate + cysteine............ | 10.4 
“ + pantothenyleystine (+H2S)............ .| 5.2 
= + ATP + pantothenyleystine.... ne are 10.4 





The incubation system was identical with that described in Table III. 0.05 uy 
of pantothenyleystine and 0.5 um of H.S were used as indicated. 





and Snell (12), suggesting pantothenylcysteine as a precursor of pan- 
tetheine. 
SUMMARY 


The biosynthesis of CoA in mammalian tissues has now been largely 
elucidated and appears to follow the scheme: 


(1) Pantothenate + cysteine + ATP — pantothenyleysteine 
(2) Pantothenylcysteine — pantetheine 

(3) Pantetheine + ATP — 4’-phosphopantetheine 

(4) 4’-Phosphopantetheine + ATP — dephospho CoA 

(5) Dephospho CoA + ATP — CoA 


Mg? is necessary for the reactions and the substrates must be in their 
reduced forms. The enzymes catalyzing reactions (1) and (2) have been 
found in fresh rat liver supernatant fraction and the cysteine requirement 
appears to be specific. Reaction (3) appears to be localized in the super- 
natant fraction of liver; reactions (4) and (5) are in both mitochondria 
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and supernatant fraction. The enzymes catalyzing reactions (4) and (5) 
have been purified some 100-fold from hog liver, and reaction (4) has been 
shown to be a reversible condensation of ATP and phosphopantetheine 
with the elimination of inorganic pyrophosphate. 


We wish to thank Dr. Fritz Lipmann for his encouragement, advice, 
and continued interest during this investigation. 
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METABOLISM OF FREE AMINO ACIDS IN FASTED 
AND ZEIN-FED RATS 


By CHUNG WU 


(From the Section of Biochemistry, Mayo Clinic and Mayo Foundation,* 
Rochester, Minnesota) 


(Received for publication, November 6, 1953) 


It has been shown that fasting causes different organs to lose different 
percentages of their original protein content (1) and that deficiency in one 
of the essential amino acids in the diet results in an impaired ability to 
incorporate other amino acids into tissue proteins (2). It has not been 
clearly indicated whether loss of tissue proteins will produce a concomitant 
change of free amino acids in tissue. However, it has been reported that 
the content of total a-amino nitrogen in plasma and tissues changes in 
response to administration of hormonal preparations (3, 4), indicating 
that the concentration of free amino acids may depend on the state of 
protein synthesis or degradation in the body. 

The effect of dietary factors on the concentration of free amino acids in 
plasma, tissues, and urine has been reported by various workers (5-10). 
In a majority of these investigations, however, determinations have been 
made of essential amino acids. Since non-essential amino acids appear in 
the free state at high concentrations in tissue (11), a study of their changes 
also appears to be of importance. Furthermore, use of paper chromatog- 
raphy permits the determination of truly free amino acids and their 
related compounds, which cannot be determined readily by other methods 
at present. 


Materials and Methods 


Treatment of Animals—Nale albino rats of the Sprague-Dawley strain, 
weighing 250 to 350 gm., were used. A week before the study began, the 
animals were fed a synthetic diet containing 12 per cent casein, 5 per cent 
corn oil supplemented with 0.1 per cent cod liver oil, 3 per cent Alphacel, 
4 per cent salt mixture (12), 32 per cent glucose, 40 per cent starch, and 4 
per cent vitamin mixture. The vitamin mixture contained in 40 gm. of 
starch the same quantities of the vitamins that are required for a kilo 
of diet (10). At the end of the week, the animals were housed singly or 
in pairs in metabolism cages; they were divided into three groups of four 
each. The control group continued to receive the casein diet for another 


*The Mayo Foundation is a part of the Graduate School of the University of 
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10 days. The second group received a diet identical with the control dig 
except that zein (Nutritional Biochemicals Corporation) replaced casein 
for 23 days. All foods and water were given ad libitum to these two groups 
of animals. The remaining group received nothing but water for 9 days, 
The average changes of body weight per day for the control, zein-fed, and 
fasted groups were +2.3, —1.8, and —10.6 gm. respectively. 

During the feeding periods, 24 hour samples of urine from the three 
groups of rats were collected under toluene at intervals. Samples eo. 
lected on the same day from two to four rats of the same group were pooled, 
made up to volumes equivalent to 25 ml. per rat per day, and preserved at 
—10° for subsequent analysis. At the end of the respective experimental 
periods, the animals were anesthetized with ether and killed. Samples of 
blood were obtained by cardiac puncture. The liver and the gastroe. 
nemius muscles of both legs were immediately removed, frozen in a mixture 
of acetone and dry ice, and then pulverized. 

Preparation of Tissue Extracts—To approximately 3 gm. (weighed to the 
nearest 10 mg.) of the pulverized frozen liver or muscle were added 5 ml. 
of water and sufficient quantities of boiling 95 per cent ethanol to bring 
the total volume to 50 ml. The suspension of tissue was well stirred and 
boiled for 2 minutes in a boiling water bath. Further treatment of the 
extract was similar to that used by Salander and Patton (13). The aque. 
ous extract was finally desalted (14) and dried in vacuo. The residue was 
taken up in a small volume of 10 per cent 2-propanol for paper chromatog. 
raphy. Samples of plasma were deproteinized with 6 volumes of boiling 
95 per cent ethanol and then treated in the same manner as tissue. San- 
ples of urine from the control and zein-fed animals were dialyzed (15) 
before desalting, and those from the fasted group were directly desalted 
without dialysis. Aliquots of the dialysates were hydrolyzed (16) for 
determination of total dialyzable amino acids. 

Paper Chromatography of Amino Acids—The ascending technique with 
the frame of Datta et al. (17) was used to prepase two-dimensional chromat- 
ograms. Small volumes of the concentrates of tissues, plasma, or urine 
in 2-propanol were applied on sheets of Whatman No. 4 paper (12 by 12 
inches). The sheets were first developed in a mixture of redistilled phenol 
(18) and m-cresol (2:1), saturated with water, in the presence of ammonia 
and hydrocyanic acid, and then developed in a mixture of 2 ,4-lutidine and 
water (7:3) containing 0.3 per cent diethylamine in an atmosphere of 
hydrocyanic acid. The sheets were finally sprayed with a 0.25 per cent 
solution of ninhydrin in 95 per cent ethanol. 5 hours later the spots were 
cut out, and the color was eluted in 50 per cent 1-propanol. All eluates 
were measured spectrophotometrically at 570 my, with the exception of 
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those of carnosine,' which were read at 400 my. When lysine and arginine 
were to be determined, diethylamine was omitted from the lutidine mix- 
ture. Cystine and methionine were oxidized (19) to cysteic acid and 
methionine sulfone, respectively, and determined as such. Leucine and 
isoleucine were not separated on the chromatograms, and only their com- 
bined values are reported in this study. Recovery of amino acids that 
had been added to tissue extracts ranged from 90 to 110 per cent. Paper 
chromatography was used to determine all the ninhydrin-positive com- 
pounds except tryptophan, which was determined by a microbiological as- 
say technique (20). 

Protein nitrogen was calculated by obtaining the difference between 
total and non-protein nitrogen as determined by the Kjeldahl procedure. 
Total a-amino nitrogen was determined by the copper method (21) in 
aqueous extracts after treatment with ethanol and chloroform. 

The entire study was repeated 4 months later with the same number of 
animals in each group. Since the results in both studies were similar, the 
data were averaged. 


Results 


The values for protein nitrogen and total a-amino nitrogen are sum- 
marized in Table I. It is not entirely satisfactory to express the content 
of protein on the basis of fresh tissue, for water and other constituents of 
tissue may alter the actual content of protein (22). Actually, a great 
decrease in the water content was noted in the fasted animals. The aver- 
age values of cell volume per cent (hematocrit) for the control, fasted, and 
zein-fed rats at time of death were 49.0, 77.5, and 57.5 per cent respectively. 
Since this study is chiefly concerned with the change in total a-amino 
nitrogen relative to simultaneous changes in protein nitrogen in tissue, 
it suffices to express the values on the same basis for comparison. For 
these reasons, the interpretations in this study are not based on the abso- 
lute values determined, but rather on the relative changes induced by a 
change in the experimental conditions. 

The total a-amino nitrogen as determined by the copper method also 
includes the a-amino nitrogen of peptides such as glutathione and the 
8-amino nitrogen of carnosine, but not the amino nitrogen of taurine. 
Hence, the control values for total a-amino nitrogen in this study are 
greater than are those determined by the manometric ninhydrin procedure 
(4). 


As a result of the 9 day fast, there was a decrease of 7.6 per cent in pro- 


1 Thanks are extended to Dr. V. du Vigneaud for a sample of this compound, which 
was used as the standard. 
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tein nitrogen and 21.0 per cent in total a-amino nitrogen below the contr) 


values in plasma; corresponding decreases of 5.9 and 45.4 per cent, rm 
spectively, occurred in liver. While protein nitrogen decreased 13.0 per 


TABLE I 


Protein Nitrogen and Total a-Amino Nitrogen in Plasma, Liver, and Muscle of Fasted 
and Zein-Fed Rats 



































Plasma Fresh liver | Fresh muscle : 
wate Protein N, gm eyloanies Protein N, gm | Total a-amino ee gm. fret ean 
per 100 ml. — “a per 100 gm. “ere per 100 gm. ‘ae 

Control 0.92 6.58 3.53 41.0 3.15 29.5 
(0.82-0.99)*! (6.22-7 .00)| (3 .09-3 .79)|(34.0-44.0)} (2.74-3.88)/(27. 5-32.4 

Fasted 0.85 5.20 3.32 22.4 2.74 | 24.2 
(0.81-0.91) | (4.92-5.50) 09-3 .57)/(18.1-26.3)|(2.16-3. 15)| (20.5+26. 8) 

Zein-fed | 0.83 5.81 2.74 | 35.1 2.55 | 21.7 
(0.79-0.88) |S. 50-6 .34) Q. 39-3. 25)|( (29.044. 0)| | (2. 22-3. sees -. 0-25.0) 


' 





ee 


* The values in parentheses indicate the ranges. 




















TABLE II 
Free Amino Acids and Related Compounds in Plasma of Fasted and Zein-Fed Rats 
Compound Control Fasted Zein-fed 
mg. per 100 ml. | oat mg. per 100 ml. pA mg. per 100 ml. Bm 
Alemane........... ..-| 6.4 + 0.5f) 15.3 [14.9 +4 0.5 | 14.7 5.4 40.4) 146 
Arginine. ........... 11.6 40.1] 2.0 1.3 40.1) 18 
Cystine (as cysteic 
| SE aa eer 0.33 + 0.04) 0.6 (0.57 + 0.07; 1.2 |0.45 + 0.12) 0.9 
Glutamic acid......... 19 20.1] 2.7/1.6 +0.3| 2.8/1.7 +0.1/ 28 
Glutamine............. 12.7 + 0.4] 18.5 |8.6 + 1.7] 15.8 9.9 + 0.7 | 16.4 
Glycine. . ..|3.0 +0.2] 8.5/2.5 +0.3|] 9.0/2.3 +0.2!] 7.4 
Leucine- tsoloucine ..--[ 1.8 +0.2)] 2.9/4.7 +0.1] 9.6/2.3 +0.3/] 42 
Lysine. : 3.5 + 0.2] 5.1 | 0.33 + 0.01 0.5 
Methionine as (sulfone). 16 +01) 2.3/2.0 +0.2| 3.6 10.93 + 0.08 1.5 
Serine..... Te 4.7 +0.3| 9.5/2.7 +0.3 7.0 4.6 + 0.3 | 10.5 
NN, oe teres ies 2.3 +402] ft (5.1 +0.6 7; BS £03), 4 
Co re 4.1 +0.5| 7.4/3.6 + 0.3 | 8.2 15.3 + 0.7 10.8 
Tyrosine 3.2 40.3] 3.9/1.5 +0.2| 2.2 i. + 0.2) 2.6 
Valine... 2.0 £0.2| 3.6/3.6 +02] 83|10 +01) 21 
Total _ | $2.3 | 82.4 | 76.1 





* Per cent of total a-amino nitrogen. 
t + standard error of the mean. 
{ Amino nitrogen of taurine not included in the total a-amino nitrogen. 
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cent in muscle, the concomitant change in total a-amino nitrogen was 
only 18.0 per cent. Similar changes were observed in the animals that 


received zein, although these changes were of different degree. The re- 
sults indicate that, under the experimental conditions, a decrease of total 
gamino nitrogen occurs coincident with a decrease in protein nitrogen in 


tissue. 


TaBLe III 


Free Amino Acids and Related Compounds in Fresh Liver of Fasted and Zein-Fed Rats 


— = 











Compeund | Control Fasted Zein-fed 
| mg. per 100 gm fA | mg. per 100 gm. | Faw mg. per 100 gm. | =. 
a-Aminobutyric acid.| 0.53 + 0.10t| 0.2) 1.3 4 0.2) 0.7 | 0.47 + 0.03, 0.2 
Alanine... . 37.5 +1.2 | 14.3 |23.9 +4 2.2] 16.8 40.8 + 3.4 | 18.3 
Aspartic acid 19.5 +0.8 | 2.4/19.0 + 1.7] 8.9|9.0 40.7] 2.7 
Cystine (as cysteic | | 
ar 10.74 + 0.08 | 0.2 | 18+ 0.4 0.9/1.4 40.2 | 0.5 
Glutamic acid. B44 44.2 | 8.0 [2764 2.0) 11.7 4.7 + 1.2 | 4.0 
Glutamine \78.7 + 3.8 18.5 19.1 + 1.7) 8.3 |54.7 + 3.3 | 15.0 
Glycine. . . 21.5 +1.1 | 9.8 /11.54 0.8) 9.9 16.6 + 0.7 | 8.8 
Histidine. 7.2 £0.4 | 1.6/3.6 + 0.1] 1.5 13.0 +0.3! 0.8 
Leucine-isoleucine...| 3.7 + 0.1 | 1.0 | 6.34 1.3) 3.0\/4.4 +0.2 ee. 
Serine. . 17.4 + 14.7 5.6/2.3 4 0.4] 1.4 |25.4 +2.2]| 9.6 
Taurine. . . 0.4 £09) t 044140 ¢ 10.3 1.0] ¢ 
Threonine. . 8.1 + 1.0 2.3 | 3.44 0.4) 1.8|17.0 42.9] 5.7 
Tyrosine . 2.4 +0.2 0.4) 4.14 0.4) 1.4 | 3.0 +0.3] 0.7 
Valine 1.9 +0.1 0.5/5.6+ 0.7) 3.0/2.1 40.2] 0.7 
Total... | 64.8 | 69.3 | 68.3 





* Per cent of total a-amino nitrogen. 
t + standard error of the mean. 
t Amino nitrogen of taurine not included in the total a-amino nitrogen. 


Fasting—Data concerning the individual free amino acids and related 
compounds of plasma, liver, and muscle are presented in Tables II, III, 
and IV respectively. Fasting caused significant changes in nearly all the 
compounds whose values were determined. Thus, the concentrations of 
alanine, glutamic acid, glutamine, glycine, serine, and threonine were de- 
creased in almost all tissues analyzed. The content of histidine was also 
decreased in the liver. On the other hand, the concentrations of taurine 
and valine were considerably increased in all tissues, and those of methi- 
onine, cystine, and leucine-isoleucine were increased in tissues in which 
these amino acids were determined. The direction of changes in tyrosine 
and aspartic acid was not the same for the tissues analyzed. The con- 
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centration of a-aminobutyric acid, which has been shown to be formed from 
methionine (23) and from threonine (24), was increased in liver. The 
content of carnosine in muscle appeared to increase slightly, while the 
concentration of histidine remained practically unchanged. Until more 
is known about the metabolism of amino acids and their interre lationships, 
the significance of these findings cannot be fully interpreted. 


TaABLe IV 
F ree 2 » Amino 4 Acids and Related Compounds in n Fresh Muscle of Fasted and Zein- Fed Rats 























Compound Control Fasted Zein-fed 

mg. per 100 gm. | = mg. per 100 gm. = mg. per 100 gm. pA 
| 

Alanine. . 16.9 + 1.3t} 9.0 | 14.0 + 1.2) 9.1 | 12.9 + 0.6) 9.3 
Arginine. 3.6403) 1.0 | 2.8 + 0.3 0.9 | 1.9 + 0.2) 0.7 
Aspartic acid 3.6+ 0.6); 1.3 1.794 0.2) 0.7 1.8 + 0. 0 0.9 
Glutamic acid }15.5 41.3) 5.0) 13.2 + 1.3) 5.2] 11.6 + 5.1 
Glutamine. . | 45.2 + 2.2 | 14.4 | 33.1 + 2.8) 13.1 | 36.2 + 22 16.1 
Glycine. | 20.5 + 0.9 | 13.0| 10.1 + 0.7) 7.8| 17.1 + 1.2 14.7 
Histidine. | 4.1404] 1.2) 3.74 0.4 1.3) 3.340.3) 14 

Lysine. . | 5.6+0.8| 1.8 | 3.44 0.6 1.3|<1.0 | 
Serine. .. 13.4+0.5| 6.0) 6.34 0.7| 3.5] 12.5 40.9) 7.7 
Taurine. . 121 + 8.8 t 196 + 11.9) ~ 142 + 5.5) f 
Threonine. 8.141.0| 3.2| 6.74 0.5) 3.3| 9.04 1.3) 49 
Tyrosine 2.740.3| 0.7) 2.44 0.2] 0.7] 1540.2) 05 
Valine... 1.7 + 0.3 | 0.7| 58+ 0.44 2.9) 0840.1) 04 
Carnosine. . 116 + 4.2 | 25.7 |130 + 7.9) 35.2 | 70.2 + 4.5) 21.1 
Total , | 83.0 | 85.0 82.8 











* Per cent - total a-amino nitrogen. 
{+ + standard error of the mean. 
t Amino nitrogen of taurine not included in the total a-amino nitrogen. 


In order to determine how the relative distribution of free amino acids 
in tissue is affected by fasting, their values in terms of per cent of total 
a-amino nitrogen have been calculated, as indicated in Tables II to IV. 
It is evident that a majority of the amino acids are changed after fasting 
with regard to the percentages of total a-amino nitrogen. Consequently, 
the relative distribution of free amino acids does not remain constant as a 
result of breakdown of tissue proteins. 

The present study also indicates that non-essential amino acids con- 
stitute the greatest part of the total a-amino nitrogen. Thus, alanine, 
glutamine, glycine, and serine make up 51.8 per cent of the total a-amino 
nitrogen in normal plasma. Together with glutamic acid, they make up 
56.2 and 47.4 per cent of the total a-amino nitrogen in normal liver and 
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muscle respectively. The percentage in the muscle would have been 
greater if the latter value had not included the 8-amino nitrogen of carno- 
sine. Since the concentrations of all five of these compounds were ap- 
preciably decreased during fasting, it is obvious that the values for total 
g-amino nitrogen decreased below normal despite an increase in the con- 
centrations of some other amino acids, such as leucine-isoleucine and valine. 


TABLE V 


Free Amino Acids and Taurine in Urine of Fasted and Zein-Fed Rats 


All values are expressed as mg. per 200 gm. of body weight per day. 


——— 


l | 
} Fasted, day } Zein-fed, day 








Compound | Control* a en oe 
| | ist | Sth oth | ist | 12th | 23rd 

| aH Bens? gaia ea ; 
Alanine. .... 0.33 | 0.10 | 0.12 | 0.05 | 0.09 | 0.09 | 0.07 
Arginine... pag 0.20 | | 0.09 0.08 0.03 
Aspartic acid -eeeeveee| 0.12 | 0.04] 0.07 | 0.05 | 0.10 | 0.07 |<0.04 
Cystine (as cysteic acid) 0.10 | 0.09 | 0.12 | 0.03 | 0.07 0.09 0.03 
Glutamic acid... 0.83 0.31 0.30} 0.12] 0.49 | 0.37 | 0.30 
Glycine........ ind .-| 0.60 | 0.28] 0.32 0.14) 0.44) 0.50 | 0.44 
Leucine-isoleucine | 0.76 | <0.05 1<0.05 |<0.05 | 0.12 0.08 |<0.05 
ae | 0.39 0.15 | 0.10 |<0.08 
Phenylalanine ..| 0.40 |<0.09 |<0.09 |<0.09 |<0.09 |<0.09 |<0.09 
Sere ....| 0.25 | 0.09} 0.11 | 0.04} 0.08 | 0.10} 0.15 
eee | 0.54 | 0.84 | 3.64 | 5.64| 0.51 | 1.02) 1.34 
Threonine.................] 0.81 | 0.19| 0.21] 0.08] 0.08| 0.21 | 0.25 
Tryptophan....... ....| 0.23 | 0.19 | 0.10 | 0.12 | | 0.09 | 0.02 
ee ee 0.39 |<0.08 |<0.08 |<0.08 | 0.09 |<0.08 |<0.08 
a 0.35 |<0.05 |<0.05 |<0.05 | 0.06 |<0.05 |<0.05 

| | 








* The data also include values obtained from those rats which were later fasted 
or fed the zein diet. 


At the same time, it was possible to account for 70 to 80 per cent of the 
total a-amino nitrogen by the free amino acids which were determined. 

Fasting resulted in a tremendous decrease in urinary excretion of free 
amino acids (Table V). The decrease was great even on the Ist day. The 
excretion of leucine-isoleucine, phenylalanine, tyrosine, and valine became 
so low that the exact quantities eliminated could not be determined. 
Hence, only the upper limits for these amino acids are indicated. Be- 
tween the Ist and at least the 5th day little further change occurred in the 
quantities of amino acids excreted. However, the excretion reached a 
minimum, or nearly so, on the 9th day of fasting. The only exception to 
this general urinary pattern was furnished by taurine, excretion of which 
steadily increased during the period of fasting. The concentration of this 
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sulfonic acid was tremendously increased in every tissue during fasting, 
and its content in some normal tissues, such as muscle, has been high. The 
increase of cystine and methionine in tissues was parallel with an increase 
in taurine during fasting. However, no correlation could be discerned 
between the excretion of cystine and of taurine in the urine. No cysteic 
acid was detectable in either tissues or urine of fasted rats. 

Feeding Zein—Deficiency in lysine, induced in the rats receiving zein 
in place of casein, produced a great decrease of this amino acid in plasma 
and muscle. On the other hand, the direction of changes of other amino 


TaBLeE VI 
Total Dialyzabie Amino Acids and Taurine in Urine of Zein-Fed Rats 


All values are expressed as mg. per 200 gm. of body weight per day. 








| Zein-fed, day 
Compound | Control — - a 

Ist | 12th | 23rd 
IN 5.4 Saad endinid inane Beas 0.50 0.53 | 0.63 0.58 
oe cst ...{ 0.39 | 0.34 0.35 | 0.47 
es = 0.67 0.81 | 0.91 0.79 
Cystine (as cysteic acid)...... 0.25 | 0384 | 0.20 | 0.08 
EES Se 2.18 | 1.71 | 1.90 | 1.65 
I hi tetanic th gh wisn akalios 2.41 2.54 | 3.10 2.81 
Leucine-isoleucine............. 1.50 0.49 0.56 0.45 
SS ree oe cr | 1.35 0.49 | 0.60 0.47 
I dhitieis. 54's. ci ik Ranges’ 4b 0.38 | 0.48 0.74 0.70 
Taurine er ere 1.30 1.25 2.38 2.48 
ee errr ; — 0.39 0.48 0.85 0.87 
NE eal wiarstayhwis's set 0.56 0.38 0.27 0.26 
Dh non itn che tae oe, Sa | 1.05 0.27 0.30 0.22 








acids was not consistent in all tissues analyzed. For instance, the con- 
tent of glutamic acid, which was decreased in liver and muscle, remained 
nearly the same in plasma. However, the over-all concentration of all 
amino acids decreased in all tissues. Again this shows that a loss of tissue 
proteins is accompanied by simultaneous loss of total a-amino nitrogen. 
Contrary to the situation in fasted rats is the fact that the content of 
taurine remained essentially constant in all tissues of the zein-fed rats. 
The change from casein to zein in the diet induced an immediate and 
remarkable decrease in all free amino acids excreted in the urine. The 
concentrations of serine, threonine, and taurine appeared to increase 
gradually after an initial decline. The excretion of glycine, which is 
nearly absent from zein, was almost unchanged during the entire feeding 
period. However, the excretion of lysine and tryptophan, also missing 
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in this diet, decreased constantly. No correlation was evident between the 
amino acid composition of the dietary protein and the urinary pattern of 
amino acids under the conditions of this study. 

Although the urinary output of free amino acids was greatly diminished 
in rats receiving the zein diet, the excretion of total dialyzable amino acids 
(Table VI) was actually increased in some cases. Since it is a well known 
fact that the rat consumes ad libitum less food when fed a diet that is 
deficient in one or more essential amino acids than when receiving a rela- 
tively complete diet, the percentages of a majority of the ingested amino 
acids excreted in the total dialyzable form by rats receiving zein would be 
greater than those of rats receiving casein. The results also show that 
exceedingly large quantities of amino acids excreted by zein-fed rats are 
in the bound form. 


Comment 


A comparison of control values for free amino acids with those deter- 
mined by the microbiological assay technique (25, 26) shows that the 
values obtained in this study are usually low. This is to be expected since 
microbiological assay may, and in most instances does, determine both 
the free and the bound amino acids. Differences in control conditions 
and in preparation of tissue extracts also may be factors. While paper 
chromatography does not give absolute values, the data thus obtained do 
provide reliable information concerning the relative changes of amino 
acids. 

Henderson et al. (7) and Thompson et al. (8) have found no general 
pattern of response for all amino acids during fasting. It was observed 
in the present study that changes in a few amino acids are not uniform in 
the tissues analyzed. However, because of a difference in emphasis on 
the amino acids to be determined and, more important, a difference in 
fasting periods, no direct comparison with their data is attempted in this 
study. 

The concentration of free amino acids in tissue is maintained at the 
expense of catabolism of tissue proteins during a fast. We may assume 
that the body would not catabolize tissue proteins at a rate greater than 
it can oxidize the component amino acids into their end-products and 
dispose of them. This assumption is consistent with the observations in 
this study that a decrease in the concentration of total a-amino nitrogen 
is concomitant with diminution of the protein content in tissues and that 
urinary excretion of free amino acids is extremely low during fasting or 
the feeding of zein. Differences in the direction of changes in the total 
a-amino nitrogen between the conditions employed in this study and the 
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conditions induced by administration of hormones facilitating protein 
catabolism (3, 4) need not be interpreted as discrepancies, for the duration 
of experimental periods in the latter studies is relatively short. 

In a series of papers, Virtue and Doster-Virtue (27) have shown that q 
number of compounds related to cysteine and methionine could serve as 
precursors of taurocholic acid and hence of taurine in dogs. Further. 
more, the formation of S**-labeled taurine from S**-labeled methionine ip 
dogs and probably in rats (28) and from S**-labeled cysteine in the rat (29) 
has been reported. The increase of taurine in tissues and its increased 
excretion in urine suggest that, as fasting progresses, the normal course 
of oxidative processes of the sulfur-containing amino acids may be im- 
paired and the conversion of cysteine to taurine becomes predominant. 

Zein is deficient in lysine, tryptophan, and glycine (30). The use of 
zein has allowed study of the effect of an intact but incomplete protein 
rather than a treated protein or a mixture of amino acids. However, 
because of the difference in the composition of amino acids other than 
lysine and tryptophan between casein and zein, it has become difficult 
to make a strict comparison of data obtained from feeding these two pro- 
teins. The observations made in this study on the lysine and tryptophan 
contents in zein-fed rats are similar to those of Denton et al. (5) on the 
methionine content in methionine-deficient rats. 

Sauberlich ei al. (10) reported that rats given a diet containing oxidized 
casein excreted larger amounts of amino acids in both free and bound 
forms than did those receiving an ordinary casein diet. The present study 
disclosed that the amino acids excreted by rats consuming zein were es- 
sentially all in the bound form. The difference between these results and 
those of Sauberlich e¢ al., if not due to a difference in the proteins employed, 
can be explained by assuming that a great portion of the bound form of 
amino acids as excreted by rats receiving a diet of incomplete protein is 

.microbiologically available and hence would be classified as the free form. 
However, it is not altogether clear why rats consuming a diet of incom- 
plete protein excreted large quantities of amino acids in the bound form. 
The presence of the bound form of both glycine and lysine in the urine of 
zein-fed rats indicates that the bound form is not necessarily derived from 
dietary protein as a result of the inability of the body to utilize the ingested 
amino acids for protein synthesis. 


SUMMARY 


Paper chromatography has been employed for the determination of 
amino acids and related compounds in plasma, tissues, and urine of rats. 
Both fasting and the feeding of zein caused a general decrease in total 
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g-amino nitrogen concomitant with a decrease in protein in plasma and 
tissues. ‘The concentrations of alanine, glutamic acid, glutamine, glycine, 
serine, and threonine were appreciably decreased during a fast, while those 
of leucine-isoleucine, valine, and taurine were tremendously increased. 

Deficiency of lysine in the zein diet resulted in an exceedingly low con- 
tent of lysine in plasma and muscle. 

Urinary excretion of free amino acids was greatly diminished during 
fasting. However, excretion of taurine was immensely increased. 

The feeding of zein caused the urinary excretion of extremely small 
amounts of free amino acids; at the same time, large quantities of amino 
acids were excreted in the bound form. 
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PURIFICATION OF OXALACETIC CARBOXYLASE FROM 
CHICKEN LIVER* 
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(Received for publication, September 4, 1953) 


The present investigation was undertaken in an attempt to elucidate the 
relationship of the fixation of CO, in OAA! by OAA carboxylase to that in 
malate catalyzed by “malic” enzyme. It was hoped that protein separa- 
tion procedures would demonstrate the identity or non-identity of the two 
enzyme systems and that in addition purification of the carboxylase oat 
lead to a better understanding of its mechanism. 

The exchange of isotopically labeled CO. with OAA was first demon- 
strated by Krampitz et al. (1) with preparations of Micrococcus lysodeik- 
ficus. Later it was found that pigeon liver extracts catalyzed a similar 
reaction, but that the reaction in crude extracts required the presence of 
ATP (2), while the bacterial reaction did not (3). In a separate line of 
investigation Ochoa and his coworkers (4, 5) showed that pigeon liver also 
contained an enzyme or enzymes catalyzing the reversible oxidation of 
malate to pyruvate and CO: in the presence of TPN. In.a study of the 
possible relationship of these two CO>-fixing mechanisms in crude pigeon 
liver extracts Utter concluded, on the basis of relative rates of incorporation 
of C“ into pools of malate and OAA, that the incorporation of CO» into 
OAA as catalyzed by ATP did not involve malate as an intermediate and 
that, conversely, the fixation into malate with TPN did not involve OAA 
as a precursor (6). Veiga Salles et al. (7) also demonstrated by means of 
partially purified “malic” enzyme that OAA was not a precursor of malate. 
However, certain considerations of the total amount of COz fixed in the 
crude liver extracts under various conditions led to the suggestion (6) that 
the two fixation reactions might have an unknown common precursor and 
hence involve a common pathway, at least in part, and this suggestion has 
also been made by Ochoa (8). 


* This work was supported in part by contract No. AT (80-1)-1050 with the Atomic 
Energy Commission and in part by the Elisabeth Severance Prentiss Foundation. 
The C“ was obtained on allocation from the Atomic Energy Commission. 

1 The following abbreviations are used throughout: adenosinediphosphate, ADP; 
adenosinemonophosphate, AMP; adenosinetriphosphate, ATP; diphosphopyridine 
nucleotide, DPN; reduced DPN, DPNH;; reduced glutathione, GSH; inosinediphos- 
phate, IDP; inosinetriphosphate, ITP; oxalacetic acid, OAA; phosphoenolpyruvate, 
PEP; 3-phosphoglyceric acid, 3-PGA; triphosphopyridine nucleotide, TPN; reduced 
TPN, TPNH. 
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788 PURIFICATION OF OXALACETIC CARBOXYLASE 
In the present work, with an acetone powder of chicken liver as the Ma 
starting material, it has been shown that OAA carboxylase and “malice” prs 
enzyme can be separated completely and that each enzyme can be purified by fol 
separately. ies ol 
Materials and Methods and e 
Acetone Powder of Chicken Liver—Fresh livers were obtained from 2.5 to , ” 
3 pound chickens (Barred rock) and treated immediately by grinding with sepa 
cold acetone (2). After drying overnight at 5° over concentrated H,S0, aD 
the powder was freed of connective tissue by sieving. About 200 gm. of enolp 
powder were obtained from forty chickens. The powder loses OAA car- subst 
boxylase activity very slowly over a period of several months when stored » : 
at —10° in vacuo. phok 
Pyruvic Phosphokinase—This enzyme was obtained from rabbit muscle ag 
by the method of Kornberg and Pricer (9). The fractions obtained from 100 » 
treatment with the Ca;(PO,). gel or the succeeding (NH,):SO, step were = 
used. These had specific activities (micromoles of pyruvate produced per Mt 
minute per mg. of protein) of 9.7 and 14.9, respectively, compared with a 
0.98 for the original muscle extract. These fractions are essentially pou 
free from myokinase, enolase, and ATPase under the conditions used. AME 
Lactic Dehydrogenase>—This enzyme was prepared by the method of i “ 
Kornberg and Pricer (9) and had a specific activity (micromoles of DPNH a 
oxidized per mg. of protein) slightly higher than that reported by those * ; 
authors. oh 
Oxalaceltc Acid—OAA was prepared from the commercial sodium salt ee 
of the diethyl ester (10, 11) and crystallized three times from acetone and soon 
benzene. . 
l-Malic Actd—-Malic acid was obtained as the commercial product and ial 
was also crystallized three times from acetone and benzene. es 
TPN—TPN was prepared from pork liver by the method of LePage and ‘ + 
Mueller (12). It was approximately 60 per cent pure by the glucose-6- 8 d 
phosphate dehydrogenase assay. ee 
DPNH—Reduced DPN was prepared from the commercial material ; 
(Schwarz, 80 per cent) by hydrosulfite reduction at 100° (13), followed by - 
the separation from the salts by ethanol fractionation (14). TPNH was . 
prepared in the same manner. | 
Protein Determination—Protein was determined by the biuret test (15), 4 “ 
with crystalline bovine albumin (Armour) as a reference standard. - 
“Malic” Enzyme Assay—Malic enzyme activity was determined spec- 
trophotometrically by measuring the rate of TPN reduction essentially as 4s 
described by Ochoa et al. (4). 7 a 
? The authors are indebted to Dr. Jerard Hurwitz for a generous supply of this prese 
preparation. Warl 
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Malic Dehydrogenase—The content of this enzyme in various fractions 
obtained in the purification process was measured spectrophotometrically 
by following the rate of DPNH reoxidation caused by the addition of freshly 
dissolved OAA toa cuvette containing 0.05 m glycylglycine buffer (pH 7.4) 
and enzyme. 

Enolase—Enolase was measured spectrophotometrically by a modifica- 
tion of the pyruvic phosphokinase assay (9), which utilizes the reoxidation 
of DPNH by lactic dehydrogenase when pyruvate is formed from phospho- 
enolpyruvate through action of the kinase. In this modification 3-PGA is 
substituted for PEP. ‘The reaction mixture contained 10 units (1 unit is 
the amount producing 1 um of pyruvate per minute) of pyruvic phos- 
phokinase, 2 units (1 unit is defined as 1 um of DPNH oxidized per minute) 
of lactic dehydrogenase, 10 um of 3-PGA, 0.5 um of ADP, 10 um of MgCl, 
100 um of K phosphate buffer (pH 7.0), and 0.3 um of DPNH in a total 
volume of 3.0 ml. 

Myokinase—Myokinase was also determined by a modification of the 
pyruvic phosphokinase spectrophotometric assay. In this instance ADP 
was omitted from the mixture described above and 0.5 um each of ATP and 
AMP added. 

Counting Methods—C™ samples were counted as BaCO; layers of finite 
thickness as precipitated on paper disks (16) or as samples dried on paper 
disks in the bottom of stainless steel planchets with an end window counter. 
The planchet results have been converted to the same basis as the BaCO; 
results by multiplying the counts obtained in the former method by a 
factor of 3.6 obtained from comparative counts on known samples. 

The following commercial chemicals were used: ATP (sodium salt ob- 
tained from Pabst), ADP (barium salt obtained from the Sigma Chemical 
Company), DPN (Schwarz, 80 per cent), AMP (acid from the Ernst 
Bischoff Company), GSH (Schwarz), and 3-phosphoglyceric acid (barium 
salt from Schwarz). ITP, IDP, and phosphoenolpyruvate were prepared 
as described elsewhere (17). The various substances were converted to 
their sodium salts by passage through columns of IRC-50 (sodium form) 
of appropriate size. 

NaHC“O;—Radioactive bicarbonate was prepared by liberation of C'4O> 
from BaC'O; by perchloric acid in an evacuated system and trapped in 
an appropriate amount of NaOH. The radioactive material was mixed 
with NaHCO; several hours prior to use. 


RESULTS AND DISCUSSION 


Assay of OAA Carboxylase—OAA carboxylase activity can be determined 
by measuring the rate of C“O. incorporation into a pool of OAA in the 
presence of ATP and Mn** (6). The assays were conducted in 9 ml. 
Warburg vessels with two side arms; the components are described in the 
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legend to Fig. 1. The NaHCO; was placed in one side arm and the en. 
zyme fraction in the other. The reaction was stopped by the addition of 
H.SO, to a final concentration of 0.8 nN, and the C™ content of the OAA 
was measured by one of the two following procedures. In some cases, the 
residual CO. was removed after centrifugation of the protein by gassing 
with tank CO, for 10 minutes, followed by a 10 minute aeration period to 
remove the CO.. A drop of octyl alcohol was added to prevent foaming 
during this procedure. The solution, or a portion of it, was diluted to 2.0 
ml., adjusted to an acid concentration of 0.2 to 0.3 N, and placed in the 
main chamber of a 20 ml. Warburg vessel containing 1.0 ml. of 33 per cent 
Als(SO,4)3-18H20 in one side arm, 1.0 ml. of 0.75 N potassium acid phthalate 
buffer in the second side arm, and 0.4 ml. of 2 N carbonate-free NaOH in 
the center well. After 40 to 45 minutes at 38°, the NaOH was washed 
out of the center well with dilute NaOH and plated as BaCO; on paper 
disks for counting. The amount of OAA formed can be calculated from 


the specific activity of the starting NaHCOs, since the dilution during a 


short incubation period is negligible. The total recovery of OAA after the 
gassing, decarboxylation, and plating procedures is about 90 per cent with 
samples of 50 to 100 uM and is quite constant in any one series. The above 
method for OAA degradation is quite specific (18) and has been used 
periodically in these studies as a control, but a simplified procedure has 
been employed in routine assays. In this process, after acidification and 
centrifugation of the reaction mixture, 0.1 ml. is pipetted immediately onto 
a paper disk held in a stainless steel planchet and dried overnight at 5° 
in vacuo. There is little loss of OAA during the drying procedure, but the 
disks must be counted immediately after removal from the desiccator, 
since at room temperature there is a gradual decrease in activity. Control 
runs show that essentially all of the residual CO» is removed by this pro- 
cedure. The data presented in Fig. 1 indicate that even with crude ex- 
‘tracts almost all of the fixed CO. can be removed by the specific Al*+*+* 
decarboxylation and hence probably resides in OAA. 

The relationship between C™QO>, fixed in the oxalacetate and protein con- 
centration of a crude dialyzed extract is shown in Fig. 1. The preparation 
of the crude extract and its dialysis are described in the succeeding section. 
The upper curve represents the micromoles of CO. fixed per vessel as 
determined by the simplified assay. The relationship is linear under the 
experimental conditions up to 0.2 ml. of extract. The lower curve shows 
the activity remaining per vessel after Al*** treatment. The determina- 
tions of these residual activities cannot be considered very accurate since 
the actual counts were only 1 to 12 above background. 

In order to establish proper conditions for an assay, the relationship 
between ATP and CO, incorporation is shown (Fig. 2). Even in crude 
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mi. CRUDE EXTRACT 


Fig. 1. Linearity of COz exchange with protein concentration. The ordinate 
represents micromoles of CO: fixed per vessel. Chicken liver extract dialyzed over- 
night at pH 5.9. Each vessel (9 ml.) contained 60 um of OAA (neutralized to pH 6.2 
with Na;PO,), 2.5 um of ATP, 2 um of Mn**, 2.5 um of GSH, and 50 um of NaHCO; 
containing 800,000 counts. Total volume, 1.0 ml.; time, 5 minutes; temperature, 38°; 
gas phase, nitrogen. For the experiments reported in the lower curve, a portion of 
the acidified filtrate was treated with Al*** for 15 minutes at 50° and then dried over- 
night, as described in the text. 
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Fic. 2. ATP concentration and CO, exchange in OAA. Each vessel contained 
0.1 ml. of extract (dialyzed overnight, pH 5.9) and ATP as indicated. Other condi- 
tions as in Fig. 1. 

Fig. 3. CO: exchange in OAA; relationship to time. 0.1 ml. of extract (dialyzed 
overnight, pH 5.9) and 2.5 um of ATP. Other conditions as in Fig. 1 except for the 
incubation time. 
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chicken liver extracts the exchange fixation of COz in OAA is dependent at 38 
upon ATP, just as reported previously for pigeon liver (2). It can be centr 
noted that without added ATP very little fixation occurs. trifug 
The influence of incubation time upon the reaction is shown in Fig. 3. alyze 
It should be recalled that the values for CO: fixed are calculated from the carbe 
starting specific activity of the NaHCO; and that with longer incubation “mal 
times the calculated values may be somewhat low, owing to the dilution for tl 
of the NaHCO; through enzymatic and non-enzymatic decarboxylation He 
of OAA. were 
It was possible on the basis of data just presented to select experimental initi¢ 
conditions suitable for routine assays during purification procedures. Ac- 0.1 v 
cordingly, 2.5 um of ATP, a 5 minute incubation period, and protein suff- 0.02 
cient to yield a fixation of 0.1 to 0.6 um of CO. were chosen. Partially mixt 
held 
TABLE I been 
Activities* of Crude Extracts of Pigeon and Chicken Liver ATE 
wae OAA “Malic” Malic to 2° 
carboxylase enzyme dehydrogenase and 
_ ) eee Se ae satu 
Pigeon ee ee 1.42 1.28 20.4 cipit 
NN < cate sinew «600m ben 1.02 0.25 24.4 
en ae ae oe ie ae as b 
Activities of crude extracts dialyzed overnight at pH 5.9 phosphate (0.005 at) for fluid 
OAA carboxylase; at 7.4 (0.05 m) for the other two tests; the activities represent, per 
respectively, CO: fixed in OAA, TPN reduced, and DPNH oxidized. Assays con- diss: 
ducted as described in the text. ; 
* Specific activities (micromoles X 10? per mg. of protein per minute). > 
purified preparations with low protein concentration are somewhat un- —- 
stable, and 2 mg. of bovine albumin were added routinely to stabilize the asin 
carboxylase. In assays of individual fractions the results represent the an 
"average specific activity of single assays at three different protein levels. oe 
Purification Studies—Because of the availability of large quantities of = 
fresh chicken liver the purification was carried out on this material rather mil. 
than on pigeon liver, which had been used in previous studies (2, 6). The (pk 
relative amounts of OAA carboxylase, “malic” enzyme, and malic dehy- 
drogenase in crude extracts of acetone powders of the two species are shown the 
in Table I. For purposes of comparison all of the activities are reported in ms 
the same terms: micromoles X 10-* of activity per minute per mg. of - 
protein. The amounts of OAA carboxylase and malic dehydrogenase in to 
the two livers are fairly comparable, but the chicken liver preparations we 
contain less “malic” enzyme. ad 
Preparation of Extract—The acetone powder was triturated with 8 ml. of If 
0.001 m K phosphate buffer (pH 7.8) per gm. and incubated for 15 minutes ph 
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at 38°. Ordinarily 45 to 50 gm. of powder were treated at one time. After 
centrifugation for 10 minutes at 17,000 X g in a Spinco preparative cen- 
trifuge, suitable aliquots of the supernatant fluid were removed and di- 
alyzed overnight against 5 X 10-* m K phosphate buffer (pH 5.9) for 
carboxylase assay or against 5 X 10-* m K phosphate buffer (pH 7.4) for 
“malic” enzyme assay. The chosen conditions offer reasonable stability 
for the respective enzymes. 

Heat Inactivation and (NH4)2SO, Fractionation—The following additions 
were made to the 260 to 300 ml. of supernatant fluid obtained from the 
initial extraction: 0.1 volume of 5 X 10-2 m K phosphate buffer (pH 6.5), 
0.1 volume of 0.3 m OAA (freshly neutralized to pH 6.5 with NaOH), and 
0.02 volume of 5 X 10°? m ATP. Immediately after the additions the 
mixture was brought to 49° within a period of about 2 to 3 minutes and 
held at that temperature for 5 minutes and then cooled rapidly. It has 
been found that this procedure does not inactivate the carboxylase when 
ATP and OAA are present. The solution is cooled without centrifugation 
to 2° by stirring in an ice bath, and sufficient (NH4).SO, (saturated at 2° 
and adjusted to pH 6.5) is added slowly with stirring to give 42.5 per cent 
saturation. After 30 minutes stirring at the same temperature, the pre- 
cipitated protein was removed by centrifugation in the Spinco centrifuge 
as before and discarded. After measuring the volume of the supernatant 
fluid, additional (NH,4)»SO, was added to bring the concentration to 55 
per cent saturation. The precipitate was centrifuged after 30 minutes, 
dissolved in 30 ml. of 0.9 per cent KCl, and dialyzed overnight in a rocker 
against a total of 20 liters of 5 X 10-* m phosphate buffer (pH 5.9) (Frac- 
tion C). This fraction contains the bulk of the OAA carboxylase. The 
supernatant solution of the 55 per cent (NH,4)2SO, fraction is treated with 
an amount of solid (NH,4).SO, calculated to bring the concentration to 75 
per cent saturation. After 30 minutes at 2° the precipitate is centrifuged 
on the Spinco centrifuge at 20,000 X g. The precipitate, which contains 
most of the ‘‘malic’’ enzyme, is dialyzed overnight after dissolving in 50 
ml. of 0.9 per cent KCl against 20 liters of 5 X 10-* m K phosphate buffer 
(pH 7.4) (Fraction D). 

Treatment with Ca3(PO.4)2 Gel—For further purification of the carboxylase 
the dialyzed Fraction C was subjected to an adsorption with Ca3(PO,)2 gel 
in order to remove inactive proteins. After determination of the protein 
content, enough cold water was added to bring the protein concentration 
to 13 mg. per ml., when the other additions are also considered. An 
amount of gel equivalent in dry weight to 0.75 gm. per gm. of protein was 
added and also enough 0.5 m KH;PO, to give a concentration of 0.04 m. 
If necessary, the pH was then adjusted to 5.8 to 5.9 by addition of more 
phosphate or of 1 m acetate buffer of pH 4.0. The gel was prepared ac- 
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cording to the directions of Singer and Kearney (19), but was aged for 
only 6 to 10 days rather than for the longer period recommended. The age 
of the gel and the pH at which the adsorption is conducted are quite critical, 
After 15 minutes stirring in an ice bath the gel is removed by centrifugation 
in a refrigerated centrifuge and discarded. The supernatant solution js 
Fraction E. 

Treatment with Alumina Cy Gel—After determination of the protein con- 
centration of the supernatant fluid, alumina Cy gel (20) equivalent to 05 
gm. per gm. of protein was added and stirred for 15 minutes in an ice bath, 
The gel was then removed by centrifugation and eluted successively with 
0.04 m K phosphate buffers by stirring in the cold for 10 minutes with 40 


TABLE II 
Purification of OAA Carbozrylase 








am Description Protein ee R..3 
még. ~— =. _ units 

A Crude extract 16,171 0.83 13 ,422 

C (NH,4)2SO,, 42.5-55% saturation | 1,803 | 2.69 4,850 

E | Ca3(PO,)2 gel, removal of inactive 603.5 | 10.3 | 6,216 

proteins | 

F Al Cy gel, F-1f 42.5 17.85 759 

= at ae 55.3 20.35 | 1,125 

| o. Se Be 26.6 | 23.24 | 618 


| 





*1 unit = micromoles X 10-? of CO: fixed in OAA per minute. 
t See the text. 


ml. at pH 6.4, 20 ml. at pH 6.8, and 20 ml. at pH 7.4. These are termed 
Fractions F-1, F-2, and F-3, respectively. The supernatant solution from 
the first centrifugation is treated again with a similar amount of the gel 
and the gel removed and eluted as before to give Fractions F-4, F-5, and 
F-6. All of the F fractions contain carboxylase activity but Fractions F-1, 
F-4, and F-5 contain the major portion. These are pooled, mixed with 
enough GSH to give a concentration of 2.5 K 10-* m of that substance, 
and lyophilized (Fraction FA). The carboxylase is quite unstable in dilute 
solutions and is also partially inactivated by lyophilization in the absence 
of GSH. The dried powder has been found to lose carboxylase activity 
only very slowly over a period of several months when stored at —10° 
in vacuo. 
Yields—Table II presents a summary of the yields and purification of 
carboxylase obtained by the foregoing steps. The values vary slightly 
from preparation to preparation, but these are typical. The specific and 
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total activities of the (NH4)2SO, fraction (C) are minimal values because 
of the possible presence of NH,* which inhibits carboxylase activity. The 
highest purification achieved in this particular run was 28-fold (Fraction 
F-5), and the yield in three F fractions of highest activity was 18.5 per 
cent. 

Separation of OAA Carboxylase and “Malic” Enzyme—Table III shows 
that a complete separation of OAA carboxylase and “malic” enzyme can 
be effected. From the first four lines it can be noted that a considerable 
separation occurs during (NH,)2SO, fractionation. The next step in the 


TaBLe III 
Separation of OAA Carbozylase and ‘‘Malic’’ Enzyme 





OAA “Malic” enzyme 
<7 Description —— | mie ms kes 
| activity® | activityt | Total units 

A | Crude extract 0.838 | 0.33 | 5336 
C | (NH,4)2SO,, 42.5-55% saturation 30) |} 8.8 | 343 
D - 55-75% saturation |} 0.31 | 1.18 | 6322 
E Ca;(PO,)2 gel, treatment of C | 10.3 0 | 0 
G | (NH,)2SO,; treatment of D, 57-64% | 0.04 3.08 3807 
L-4A | Al Cy gel | 0 13.2 | 1042 
—ie + * | 12.4 194 
aA i** « | 0 | 19.8 1327 
L-5B ee fe | | 18.1 257 





* Specific activity of carboxylase in units of micromoles X 10~? of COz fixed per 
minute per mg. of protein. 

t Specific activity of malic enzyme in units of micromoles X 10? of TPN reduced 
per minute per mg. of protein. 

t See the text. 


carboxylase procedure (Fraction E) leaves that enzyme essentially free of 
“malic” enzyme. The latter can also be further fractionated until free of 
carboxylase, as shown in the lower half of Table III. Since the procedures 
differ somewhat from those reported by Ochoa et al. (4), they will be de- 
scribed briefly. After dialysis of the 55 to 75 per cent (NH4)sSO, fraction 
(D), this fraction is adjusted to pH 6.6 by addition of a calculated amount 
of KH,PO, and to a protein concentration of 30 mg. per ml. This solution 
is again fractionated with (NH,).SO, under the same conditions described 
previously, with removal of the following fractions: 0 to 57 per cent satura- 
tion, 57 to 64 per cent, and 64 to 70 per cent. The activity is ordinarily 
recovered in the 57 to 64 per cent fraction. This is dialyzed as before 
after being dissolved in a small amount of 0.9 per cent KCl. After dialysis 
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the pH is adjusted to 5.0 by the addition of acetic acid and sodium acetate 
so that the final concentration of acetate buffer is 0.1 m and of protein 19 
mg. per ml. The solution is cooled and alumina Cy gel added in inere. 
ments of 100 mg. per gm. of protein. After 10 minutes stirring, each sue. 
cessive increment of the gel is centrifuged and eluted with 18 ml. of 0.1 y 
phosphate buffer (pH 7.4) and in some cases is eluted a second time with an 
additional 9 ml. of the same buffer. The major part of the “malic” enzyme 
is eluted from the fourth and fifth increments of gel (Fractions L-4 and 
L-5, respectively; A and B designate first and second elutions). The total 
activity recovered in these four fractions represents a 53 per cent recovery 
from the original extract, with a 60-fold purification in Fraction L-5A. 
Fractions L-4A and L-5A are free of carboxylase activity. Pigeon liver as 
used by Ochoa et al. (4) has a considerably higher starting activity for 


TaBLe IV 
Further Purification of OAA Carbozylase 





5 P ini Total Specifi : 
Fraction Description pectin pom Total units 
Lamers bias a 7 mg. ir 
FA Partially purified material* 189 20.2 3830 
FA-1 Al Cy adsorption and elution 69.8 32.6 2276 
FA-2 Ca;(PO,)2 gel, removal of inactive pro- 30.0 43.4 1302 
teins 





* The crude starting material had a specific activity of 0.87. Fraction FA = 
F-1, F-4, and F-5, pooled and lyophilized. 


“malic” enzyme and is therefore probably preferable as a source, although 
“malic” enzyme can be obtained fairly easily as a by-product of the purifi- 
cation of OAA carboxylase described here. 

Further Purification of OAA Carboxylase—Further purification of the 
carboxylase beyond the stage reported in Table II has been difficult because 
of the instability of the enzyme under many conditions required for concen- 
tration or fractionation. Attempts to fractionate further with (NH4)sSO,, 
ethanol, and acetone have resulted in large losses of activity and little 
purification. However, the enzyme can be somewhat further purified by 
a repetition of the gel steps, as shown in Table IV. A portion of the 
lyophilized preparations representing Fractions F-1, F-4, and F-5, cor- 
responding to 189 mg. of protein, was dissolved in 99 ml. of cold water and 
the pH adjusted carefully to 5.8 by the addition of 1 m acetate buffer (pH 
4.0). Two successive increments of alumina Cy gel of 0.5 gm. per gm. of 
protein were added and each eluted three times with phosphate buffer of 
increasing pH as before. The eluted fractions corresponding to Fractions 
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F-1, F-4, and F-5 of the previous alumina Cy treatment were combined as 
Fraction FA-1, the pH adjusted to 5.8 by the addition of acetate buffer, 
treated with a gm. of Ca3(PO,)2 gel per gm. of protein, and the gel dis- 
carded. The supernatant solution (Fraction FA-2) was lyophilized after 
addition of GSH. The final fraction represents a 2.15-fold purification 
over the starting material and 50-fold purification of the starting extract. 
The yield was about 34 per cent from the FA fraction, although in similar 
runs with smaller amounts of material a yield as high as 55 per cent has 
been observed. From a practical standpoint the chief advantage derived 
from this limited additional purification is a marked lowering of the enolase 
content, as shown in the next section, and some lowering of the other con- 
taminating enzymes. 


TABLE V 
Activities of Other Enzymes in OAA Carbozylase at Various Stages of Purity 
.. 7 ’ | 





Malic Lactic 


ae a ee ee ae Myo- | Eno- | 
Fraction Description and specific activity of OAA carboxylase .s | dehydro- | dehydro- 
kinase*| lase® genase*  genase* 
A | Crude, specific activity 0.85 | 21.7 | 30.0 | 24.4 
FA Ist purification, specific activity 20.2 | 23.2 | 13.8 | 102 463 
FA-2 | 2nd 2 si e 43.43 | 12.5 3.9 25.1 120 


* Specific activity of all enzymes = micromoles X 10-? per minute per mg. of 
protein. 





Presence of Other Enzymes—The purest fraction yet obtained is free from 
“malic” enzyme, ATPase, and pyruvic phosphokinase, but still contains 
several enzymes which interfere in studies of mechanism (17). These 
are myokinase, enolase, lactic dehydrogenase, and malic dehydrogenase. 
Their concentrations at various levels of purity of the carboxylase are 
shown in Table V. All activities are reported on the same basis. The 
second series of purification steps lowers the concentration of all of the 
contaminating enzymes, but only the enolase is reduced to a low level. 
The lactic dehydrogenase content of the purest preparation is still very 
high. 

Possible Interaction of OAA Carboxylase and ‘“‘Malic’’ Enzyme—The fore- 
going data demonstrate that OAA carboxylase and ‘‘malic” enzyme activi- 
ties are associated with different protein moieties, but do not eliminate the 
possibility that the two systems have some point of interaction. Earlier 
data on the relationship of CO, fixation in OAA and malate by pigeon 
liver extracts had led to the hypothesis summarized in Diagram 1 (6, 8). 
The hypothesis was based chiefly on the observation that, while ATP 
directed CO, fixation by pigeon liver extracts into OAA and TPN into 
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ee Malate —————— 
ATP TPN 


OAA "Malic" 
Carboxylase (OAA) Enzyme 


| 


CO, + (3-C Compound) 








DraGRAM 1 


malate, the sum of CO, fixed remained relatively constant with varying 
ATP: TPN ratios. 
In exchange reactions it has been shown that C'*-pyruvate, unlike CO, 
does not enter OAA in experiments with partially purified OAA carboxyl- 
ase.2 Recent information (21) concerning the nature of the 3-carbon 
acceptor of CO, has shown that, in the OAA carboxylase reaction, phos- 
phoenolpyruvate rather than pyruvate acts in this capacity. 


PEP + CO. + IDP $s OAA + ITP 


The evidence for this mechanism is presented in a later paper of this series 
(17). However, in the “malic” enzyme reaction, pyruvate has been shown 
to act as the CO, acceptor (4). We have also found in exchange experi- 
ments with C'*-pyruvate and C“O2, using either crude extracts or partially 
purified “malic” enzyme, that CO» and pyruvate enter malate in approxi- 
mately a 1:1 ratio.* The demonstration that ‘‘malic’” enzyme and OAA 
carboxylase employ different 3-carbon acceptors in their respective CO, 
fixation reactions casts considerable doubt on the validity of the hypothesis 
illustrated above. 

As an experimental test of the same hypothesis, purified carboxylase and 
“malic” enzyme were studied as shown in Table VI. When “malic” en- 
_zyme (without TPN) was added to OAA carboxylase undergoing the CO, 
exchange reaction (Experiment 1), no additional C“O. was fixed in OAA as 
the result of ‘“‘malic” enzyme addition. If the latter enzyme catalyzed the 
same initial CO, fixing reaction (see Diagram 1), an increase in fixed C“O, 
would be expected if the initial fixation reaction is the rate-limiting factor. 
In another test of the same hypothesis the effect of added OAA carboxylase 
(without ATP) upon the reduction of TPN by malate in the presence of 
“malic” enzyme was studied (Experiment 2, Table VI). The carboxylase 
might be expected to stimulate the reduction of TPN if carboxylase cat- 
alyzed the decarboxylation of the hypothetical product, as shown in Dia- 
gram 1, if this were the limiting step. Again the addition of the second 
enzyme was without effect. 


3M. F. Utter, unpublished data. 
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The data in Table VI lend no support to the hypothesis of a common 
enzymatic step in the OAA carboxylase and “malic” enzyme reactions, 
although the evidence is not conclusive because of its negative nature. 
Taken together with the knowledge of the mechanisms of the two reactions, 
however, it seems unlikely that any common enzymatic step exists. The 
additional possibility remains that some intermediate at the OAA level 
may be common to both systems. This possibility is illustrated in Dia- 
gram 2. This hypothesis has been tested by spectrophotometric tests with 


Tasie VI 
Lack of Interaction of Purified OAA Carbozylase and ‘‘Malic’’ Enzyme 











| ' | - ‘ 
Fraction | em ET 5 O0e Experiment 2. TPN 
an | pm X 102 ame 108 
Bt MAONOG GUAYUIO)...... 222000505 se000 | 1 20.1 
NN Na) 47 0.6 
EN eens rrr aay eet | 46 21.2 








CO; fixed measured in the usual exchange reaction. 47 units of OAA carboxylase 
added and 30 units of “malic” enzyme used in CO: exchange test. 20 units of malic 
enzyme and 23 units of OAA carboxylase used in TPN reduction, which was run in 
the usual manner. 


Pie + it? Malate + pctaearirs 


OAA Carboxylase (OAA) "Malic" Enzyme 


= + IDP + CO, Pyruvate + CO, + a 


DIAGRAM 2 


\ / 


TPNH. Ochoa et al. (4) showed that pyruvate and CO, could cause the 
reoxidation of TPNH in the ‘‘malic” reaction, but that OAA was unable 
to act in this capacity. However, if Diagram 2 correctly represents the 
relationship between the two enzymes, it would seem that OAA carboxyl- 
ase and ITP should be able to activate OAA and enable the latter sub- 
stance to reoxidize TPNH in the presence of ‘‘malic’”? enzyme. An experi- 
ment was devised whereby the effect of OAA carboxylase and ITP upon 
the reoxidation of TPNH by “malic” enzyme could be tested (Fig. 4). In 
the experiment represented by Curve A, ‘‘malic” enzyme and TPNH were 
present from the beginning and the reaction was started by the addition of 
OAA. The slight oxidation of the TPNH observed upon addition of OAA 
can be attributed to the malic dehydrogenase present as a contaminant in 
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the “malic” enzyme which can react slowly with TPNH and OAA (29) =~ 
The further addition of OAA carboxylase and of ITP successively did not ae 
increase the rate of TPNH oxidation and perhaps caused a slight decreage cated 
inrate. If Diagram 2 were correct, it would be expected that a significant As wil 
increase in rate would occur after carboxylase and ITP had been added. Ms oo 
In the experiment represented by Curve B, ITP was present at the begin. Fig. 5 
ning of the experiment and the reaction was again initiated by the addition euune 
of OAA. Theslow rate of oxidation which ensued was not increased by the contal 
addition of OAA carboxylase. ae 
was st 
500 
=% 
E 400} 
° 
% 
a 300} OAA carboxylase 
So 
2 .200} OAA corbouylose a. 
a —_ = iS 
4 ea. ge , 
f= 100} 
3 
| 2 S 4 5 
TIME — MINUTES 
Fig. 4. TPNH oxidation by ‘“‘malic’”’ enzyme and OAA. Components in a total Fic 
volume of 3.0 ml., 150 um of glycylglycine (pH 7.4), 2 um of MnCle, 25 um of OAA, ensym 
1 um of ITP, 200 y of OAA carboxylase protein (specific activity, 20), 400 y of “malic” 1 uM ol 
enzyme protein (specific activity, 4), and TPNH as indicated. Incubated at 28°, (23), 
Curve A, ITP added as indicated; Curve B, ITP present initially. Fig. 4 
The “malic” enzyme present in these experiments is sufficient to cause a comp 
change of about 0.033 optical density unit per minute when used to reduce | “mal 
TPN. According to data not presented here and those of Ochoa et al. (4), |} tainit 
the oxidation of TPNH with pyruvate and CO, with the same amount of | of Ty 
enzyme might be expected to be somewhat slower than the forward re- | yjth 
action. However, a compound at the OAA level should react extremely } ment 
rapidly with TPNH, and it is unlikely that the reaction is so slow as tobe | ppn 
overlooked. In other tests not reported here, malic dehydrogenase equiva- | and { 
lent to the amount present as a contaminant in the experiments of Fig. 4 Fr 
gives a rate of TPNH oxidation with OAA as substrate the same as that } the } 
observed, and therefore the presence of the dehydrogenase can account for J gljy , 
all the activity. time 
In another spectrophotometric test of the same hypothesis, OAA was point 
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synthesized by OAA carboxylase from IDP, PEP, and NaHCO. If 
“malic” enzyme and TPNH can utilize some precursor of OAA, as indi- 
eated in Diagram 2, this reaction should be marked by oxidation of TPNH. 
As will be shown in detail later (17), DPNH and malic dehydrogenase can 
be coupled very effectively with OAA carboxylase in this manner. In 
Fig. 5, PEP, IDP, NaHCO;, TPNH, OAA carboxylase, and “malic’’ en- 
zyme (Curve A) or an amount of malic dehydrogenase equivalent to that 
contaminating the “‘malic’’ enzyme (Curve B) were present. The reaction 
was started by the addition of NaHCO; as the final component needed to 


500r 

= § 
| 

E i 
9 400 I 
Pa) Hl 
~ sa H A ("malic enzyme) 
5.300 I B (malic dehydrogenase) 
of i! 
2 NaHCO; |! 
© 200} - i 
Ss eg 
S 24 
= 
3 JOO} 








24 6 8 W l 4 6 
TIME — MINUTES 
Fig. 5. Coupling of OAA carboxylase with malic dehydrogenase and ‘‘malic’’ 
enzyme. Components in a total volume of 3.0 ml., 150 um of K phosphate (pH 7.4), 
lym of PEP, 1 um of IDP, 50 um of NaHCO; (pH 7.4), 3 units of malic dehydrogenase 
(23), and MnCl:, OAA carboxylase, and one-half as much ‘‘malic’’ enzyme as in 
Fig. 4. 


complete the system. A slow reoxidation of TPNH was observed with 
“malic” enzyme, but the rate was no higher than that of the control con- 
taining the comparable amount of malic dehydrogenase. This oxidation 
of TPNH is due very likely to the slow reaction of malic dehydrogenase 
with TPNH and synthesized OAA. The addition of DPNH in both experi- 
ments at a later point is also shown to result in a rapid reoxidation of 
DPNH, thus demonstrating that the OAA carboxylase system is active 
and that it can be coupled with the malic dehydrogenase-DPNH reaction. 

From the above spectrophotometric studies it must be concluded that 
the hypothesis illustrated by Diagram 2 cannot be supported experiment- 
ally and is probably incorrect. From the evidence available at the present 
time it seems unlikely that OAA carboxylase and ‘“‘malic’”’ enzyme have any 
point of interaction whatsoever, and the previous data obtained with crude 





802 PURIFICATION OF OXALACETIC CARBOXYLASE 


systems which led to hypotheses of such interaction must be explained jp 
some other way. Ss 


SUMMARY 


It has been shown that OAA carboxylase and ‘‘malic’”’ enzyme activities (F 
of chicken liver reside in different protein moieties, since the two enzymatic 
systems can be completely separated and purified separately. Methods 
are described whereby OAA carboxylase can be obtained from acetone pov. 


der extracts of chicken liver with a 50-fold gain in purity. No evidence In 
for an interaction between the two CO.-fixing systems was obtained in tests | carbo 
conducted with the purified enzymes. from 

show! 


The authors are indebted to Miss Dolores Zaparzony and Mrs. Helen | ATP. 
Gordon for their aid in carrying out many of the experiments reported | cataly 
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SOME PROPERTIES OF OXALACETIC CARBOXYLASE* 


By M. F. UTTER, K. KURAHASHI, ann IRWIN A. ROSET 


(From the Department of Biochemistry, School of Medicine, Western Reserve 
University, Cleveland, Ohio) 


(Received for publication, September 4, 1953) 


In the preceding paper of this series (1) the purification of oxalacetic 
carboxylase from chicken liver was described, particularly its separation 
from and relationship to ‘‘malic’”’ enzyme. The purified carboxylase was 
shown to catalyze the exchange of C“O. with OAA' in the presence of 
ATP. In the present report it will be shown that the same enzyme also 
catalyzes the decarboxylation of OAA. 

It will also be shown that ITP can replace ATP in the exchange reaction 
and in the OAA decarboxylation reaction. Studies with purified ATP sug- 
gest that this compound acts only very slowly or not at all in a direct fash- 
ion, but is capable of acting rapidly in an indirect manner in the presence 
of small amounts of IDP or ITP. 

The OAA carboxylase is dependent upon —-SH groups for its activity. 


Methods and Materials 


ITP was obtained as the Ba salt from the Sigma Chemical Company. 
The sample received by us contained a considerable proportion of IDP 
(30 to 40 per cent) and some IMP. It was purified chromatographically 
by a modification of the method of Cohn and Carter (2) with Dowex 1 
resin as described in the experimental section. The ITP used in some of 
the earlier experiments was imperfectly purified and still contained con- 
siderable amounts of IDP. 

IMP was prepared by nitrous acid deamination of AMP (Ernst Bischoff 
Company, Inc.) and was essentially pure by spectrophotometric tests. We 
are indebted to Mr. R. Peabody for a sample of this material. 

ATP was obtained as the disodium salt from the Pabst Brewing Com- 


* This work was supported in part by contract No. AT (30-1)-1050 with the Atomic 
Energy Commission and in part by the Elisabeth Severance Prentiss Foundation. 
The C was obtained on allocation from the Atomic Energy Commission. 

{ Present address, Department of Pharmacology, New York University College 
of Medicine, New York. 

'The following abbreviations are used throughout: adenosinediphosphate, ADP; 
adenosinemonophosphate, AMP; adenosinetriphosphate, ATP; diphosphopyridine 
nucleotide, DPN; reduced glutathione, GSH; inosinediphosphate, IDP; inosine- 
monophosphate, IMP; inosinetriphosphate, ITP; oxalacetie acid, OAA; phospho- 
enolpyruvate, PEP; triphosphopyridine nucleotide, TPN. 
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pany and contained on an average about 10 per cent ADP and a trace gf 
AMP. It was further purified chromatographically for certain experiments 
as described in a later section. 

ADP was obtained as the Ba salt from the Sigma Chemical Company 
and further purified chromatographically (2). 

Inorganic triphosphate was a commercial material obtained through the 
courtesy of Dr. Giulio Cantoni. 

Dowex 1 resin (4 per cent cross-linked, 200 to 400 mesh) was obtained ag 
the commercial product, washed exhaustively with 2 N HCl until the ultra. 
violet-absorbing materials removed with HCl reached a plateau, and then 
washed with H,O until chloride-free. No materials absorbing at 250 my 
were eluted from resin prepared in this way by the solvents used in the 
present studies. 

OAA, TPN, /-malic acid, GSH, NaHC"“O;, OAA carboxylase, “malic” 
enzyme, and pyruvic phosphokinase were obtained or prepared as described 
previously (1). 

The ITP- (or ATP-) stimulated decarboxylation of OAA was carried out 
in 9 ml. double side arm Warburg vessels at 30°. The contents of the 
vessels are indicated in the legend of Fig. 1. One side arm always con- 
tained acid which was tipped in at the end of the incubation period in order 
to release any bound CO», and the total CO, evolved was used in calculat- 
ing activity. 

The TPN-stimulated decarboxylation of OAA was measured in similar 
vessels, but the activity was calculated from the gas evolution in the 5 to 
15 minute period, since the pH was acid enough to preclude CO, binding. 

The exchange reaction of C“O» with OAA and “malic” enzyme activity 
was measured as described in the previous paper (1). 


EXPERIMENTAL 


The decarboxylation of OAA by OAA carboxylase and the dependence 
of the reaction upon ATP are presented in Fig. 1. A comparison of the 
two curves shows that there was a small amount of decarboxylation with- 
out added ATP, but that addition of the latter greatly stimulated decar- 
boxylation. From the upper curve it can be noted that the rate of re- 
action in the presence of ATP is proportional to enzyme concentration. In 
studies of OAA decarboxylation it is always necessary to correct for the 
non-enzymatic decarboxylation. This correction is difficult, since a great 
many substances such as metal ions (3, 4), amines (5), amino acids (6), 
amides (6), and presumably proteins influence the decarboxylation. As 
shown by the intercepts of the two curves with the ordinate in Fig. 1, 
ATP at the levels used has no stimulatory effect on non-enzymatic de- 
varboxylation. Boiled enzyme or the mixtures without enzyme are not 
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necessarily the most satisfactory controls, since proteins themselves may 
be exerting a non-specific decarboxylative effect. In terms of the present 
reaction it would seem that the most reasonable control is one with the 
enzyme present but without ATP; that is, the upper curve can be sub- 
tracted from the lower curve to give the extent of the ATP-stimulated re- 


200; 


pl 
C02 


150 + 


100- 





50- 











250 500 750 
yg OAA CARBOXYLASE PROTEIN 


44 48 52 56 60 64 68 72 76 
pH 
Fia. 1 Fig. 2 
Fic. 1. Effect of ATP on OAA decarboxylation at pH 7.4. 40 um of OAA (neutra- 
lized with NaOH to 7.4), 2.5 um of GSH, 1 um of MnCl, 2 mg. of albumin, 50 um of K 
phosphate (pH 7.4), total volume 1.0 ml. Run for 15 minutes at 30° and acidified 
at the end of the reaction. The OAA carboxylase had a specific activity (micromoles 
X 10-? of COz fixed in OAA per minute per mg. of protein) of approximately 20 (1). 
Fig. 2. pH range of ATP-stimulated decarboxylation. 350 7 of OAA carboxylase 
protein (specific activity, 20) dialyzed for 3 hours. 40 um of OAA (neutralized to 
the approximate pH of the buffer). Other conditions as in Fig. 1 except that the in- 
cubation period was 20 minutes. @,0.05M acetate buffer; 0, 0.05 m phosphate buffer. 


action. Both this type of control and the usual non-enzymatic control 
have been used in the present investigation. 

The pH range of the ATP-stimulated decarboxylation has been investi- 
gated, and some of the results are summarized in Fig. 2. The two por- 
tions of the curve represent separate experiments in which the total amount 
of CO, evolved is plotted against the pH of the reaction mixture at the 
start of the reaction. These values are corrected for non-enzymatic de- 
carboxylation at the corresponding pH levels. The solid points were ob- 
tained with 0.05 m acetate buffer and the open points with 0.05 m phos- 
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phate buffers. In experiments not reported here it has been found that 
succinate and Veronal buffers in the appropriate pH ranges give results 
equivalent to those obtained with phosphate. Glycylglycine buffer is yp. | 
satisfactory because it stimulates greatly the non-enzymatic decarboxylation 
of OAA. According to these results the ATP-stimulated decarboxylation 
has an apparent optimum of about pH 6, falling off rather rapidly on the 
acid side and more slowly on the alkaline side of the optimum. The pH 
optimum and range are considerably higher than those of the TPN-stimy. 


lated decarboxylation of OAA catalyzed by ‘malic’? enzyme (7, 8). 
TABLE I 
Comparison of CO. Exchange and OAA Decarboxylation Activities 
} co. OAA de- Ratio, 
Fraction | Description smear ve __carboxyla- | decarboxylation 
8" tion,t pH 7.4 exchange 
A Crude extract 0.83 3.1 3.74 
Cc (NH,4)2SO,, 42.5-55% saturation 2.69 5.24 1.95 
E Ca3(PO,4)2 gel, removal of inactive 10.3 22.4 2.17 
proteins 
F-1 Alumina Cy gel,ft 0-0.5, pH 6.4 17.85 32.4 1.81 
F-2 ” = a 12.3 20.2 1.64 
F-4 co  0.5-1.0, pH 6.4 20.35 35.5 1.75 
F-5 <i “— “ (C238, “ 32 23.24 | 39.4 1.69 
F-6 - “i - Cape, § 74 9.3 20.1 2.16 


* Micromoles X 10-? of CO: incorporated into OAA per minute per mg. of pro- 
tein in the presence of ATP. Assayed as described previously (1). 

t Micromoles X 10-? of CO2 produced per minute per mg. of protein, pH 7.4, with 
ATP. Other conditions as described for Fig. 2. 

t Fractions eluted from alumina Cy gel as described previously (1). 


The ATP-stimulated decarboxylation of OAA has been found to be pro- 
portional to protein concentration even with crude dialyzed extracts (ex- 
periment not shown here). 

Although both crude extracts and purified carboxylase carry out the 
ATP decarboxylation, these observations do not warrant the conclusion 
that the decarboxylation reaction and exchange reactions involve the same 
protein moiety. Evidence that both reactions are probably due to the 
same enzyme or enzymes is presented in Table I, in which carboxylase at 
the various stages of purification is compared for relative activity in de- 
carboxylation and exchange. The results are reported in the same terms, 
micromoles X 10-* of CO, fixed or produced per minute per mg. of protein, 
and are the averages of assays at three levels of protein. The last column 
presents the ratio of decarboxylation to exchange activity. The first three 
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lines show activity levels in the crude extract, (NH4)2SO,, and Ca3(PO,)> 
gel supernatant fractions, as described in the previous paper (1). The re- 
maining values represent the activity of five different fractions eluted from 
alumina Cy gel after adsorption. With the exception of the first step, the 
ratios of decarboxylation to exchange are reasonably constant over a wide 
range of specific activities, lending support to the hypothesis that the two 
activities are related to the same protein fraction. The larger decarboxyla- 
tion activity of the starting material points to the presence of one or more 
additional decarboxylases at this stage. ‘‘Malic” enzyme is known to be 


TaBLe II 


Comparison of TPN Reduction at pH 7.4 and OAA Decarbozylation at pH 4.5 with 
‘‘Malic’’? Enzyme Preparations 





| | ‘ 
} hs “Malic” | OAA de- Ratio, 
Fraction Description | enzyme® | carboxyla- |° decarboxylation 
tion,t pH. 4.5, malate oxidation 


Crude 


ite wee 
| 


A 0.33 | 4.06 | 12.3 
D | (NH,4)2SO,, 55-75% saturation | 1.18 | 6.35 5.38 
G | (NH,):S0,, refractionation, 57-64% | 3.08 | 14.6 4.74 
saturation | 
L-1 | Alumina Cy gel,t 00.1 1.19 4.65 | 3.90 
L-2 « « « 9 1-0.2 2.06 | 7.56 | 3.67 
L3 «  « & 9203 | 4.18 | 16.4 | 3.92 
L-4 “ “ « §69.3-0.4 | 13.2 53.1 | 4.02 
5 | ‘ os 0.40.5 19.8 | 61.9 3.12 








* Micromoles X 10~? of TPN reduced per minute per mg. of protein. Method of 
Ochoa et al. (7). 

+ Micromoles X 10~? of CO2 produced per minute per mg. of protein, pH 4.5, with 
TPN. 

t See the previous paper (1). 





present in chicken liver, but the corresponding enzyme from pigeon liver 
has little or no activity at pH 7.4, at least in the purified state (7, 8). It 
should be noted that the control values used throughout Table I are those 
obtained for non-enzymatic decarboxylation of OAA and that therefore not 
all of the protein-catalyzed decarboxylation need be due to the presence of 
ATP. 

OAA Decarboxylation by ‘Malic’ Enzyme—Ochoa et al. (7, 8) have shown 
that partially purified ‘‘malic” enzyme obtained from pigeon liver is able to 
decarboxylate OAA. The reaction is stimulated by TPN and has a pH 
optimum near 4.5 to 5. In Table IT, it is shown that the ‘‘malic” enzyme 
purified from chicken liver also carries out decarboxylation of OAA at pH 
4.5 in the presence of TPN. ‘The relationship between TPN reduction at 
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pH 7.4 and OAA decarboxylation at various purification levels is illustrated, B js visil 
The ratio of the two activities is quite constant with the exception of the 8 activit 
first purification step. As was the case with the ATP-stimulated decay. B jn whi 
boxylation, a drop in the ratio of decarboxylation to malate oxidation with & pot in 
TPN occurs in the first step, indicating the presence of other decarboxylat. [| The sa 
ing agents in the crude extract. It is unlikely that this other agent js 
OAA carboxylase, since it has been shown to be virtually inactive at any 
pH below 5.5 (see Fig. 2). It is interesting to note that no such discrep. 
ancy between crude and purified fractions was observed in the purification = 
of the pigeon liver enzyme (7). 

In experiments not presented here the effect of TPN on the decarboxyla- 
tion at pH 4.5 has been studied with preparations ranging from the crude 
extract to the purest fraction (L-5). In all cases TPN has been found to 
exert a marked stimulatory activity. None... 

The foregoing results suggest that the “malic” enzyme of chicken liver js | 1 # A 


“=r : : MpxvT . , “oy 
very similar to that of pigeon liver and that the TPN-reducing and OAA- - : 
decarboxylating activities reside in the same protein moiety. 1“ in 


Activity of ITP and OAA Carboxylase—Many attempts have been made} TP + 


previously to replace ATP in the OAA carboxylase exchange reaction (9). + 
It was found that AMP, TPN, DPN, diphosphothiamine, and biotin as ee 
well as boiled juices from various sources were unable to replace ATP. ~ 360. 
Only ADP had activity, and this could be attributed to the presence of 2um of 


myokinase. of 1.0 : 

In the present work it has been found, however, that ITP is able to | metho 
activate the carboxylase also and that it is considerably more effective than | "4 
ATP. Typical results, with purified carboxylase from chicken liver, are 
shown in Table III. Here ITP caused about a 3-fold increase in the rate 
of C“O, incorporation into OAA as compared with an equivalent amount of | Sect 
ATP. With either ATP or ITP almost all of the fixed C“O, is Al*+*+-labile 
(third column, Table III). At the concentrations used, the addition of 
both nucleotides gives an additive effect. IMP and inorganic triphosphate 
are essentially inactive, but IMP causes inhibition when added together 
with ITP. Crude 

The results in Table III were obtained with a purified preparation with 
a specific activity of about 22. The effect of ITP can be observed at any 
level of purification, as shown in Table IV. The results represent the Ca,(P 
averages of single runs at three different protein levels, in which the ac- prot 
tivity is calculated on the basis of the lowest concentration of protein. It | Alumi 
will be noted that ITP is 2.8 to3.8 times as active as ATP at various levels 
of purification. 

A comparison of the effect of varying concentrations of ATP and ITP on Alumi 
the exchange reaction is shown in Fig. 3. The greater stimulation by ITP | Exper 
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is visible at all concentrations tested, with a maximal ratio of ITP: ATP 
activity at 2 X 10-*m. It is interesting to note that in these experiments 
in which a purified carboxylase was used higher concentrations of ATP did 
not inhibit. This is in contrast to experiments with crude extracts (1). 
The same preparation of ATP was employed in both experiments. 


Tase III 
Replacement of ATP in CO2 Exchange Reaction 


—_—— - - ——_—_—_—_ 

















COs fixed 
Additions ee ee oe 
No Al*** After Al*** 
treatment treatment 
= uM pM 
None.... ae on 0.015 
1pm ATP , 0.176 0.002 
1 * Ie. : ; 0.537 0.006 
og abscesses ee ee FD ‘ 0.022 
1 “ inorganic triphosphate 0.047 
ITP + ATP (1 uM each).. 0.688 
ee Ds xa leew obama sie 0.423 
“ 4 inorganic triphosphate (1 um each)........ 0.537 


360 y of purified OAA carboxylase protein (specific activity, 22 (1)), 60 um of OAA, 
2um of MnCls, 2.5 um of GSH, 2 mg. of albumin, 50 um of NaHCO; in a total volume 
of 1.0 ml. Incubated for 5 minutes at 38°. OAA determined by the “‘simplified’’ 
method (1) in the second column, and the third column represents the residual CO, 
fixed after Al*** treatment. 


TaBLe IV 
Effect of ATP and ITP on CO:z Exchange Reaction at Different Purification Levels 
of OAA Carbozylase 
= a, 


Fraction Addition, 1.5m | COs fixed | Ratio, ine 
} | 
| uM 
Crude, 2.5 mg. protein ATP 0.099 om 
ITP 0.037 | ii 
(NH,)2SO,4, 42.5-55% saturation, ATP 0.185 3.08 
2.4 mg. protein ITP 0.571 | F 
Ca;(PO,)2 gel supernatant, 260 y ATP 0.091 | 2.82 
protein bye g 0.257 | é 
Alumina Cy gel, 240 y protein ATP 0.139 3.77 
ITP 0.524 | : 


Crude, (NH,)2SO,, and Ca;(PO,)2 gel fractions as described previously (1). 
Alumina Cy gel represents the combined and lyophilized fractions (F-1, F-4, and F-5). 
Experimental conditions as described in Table III. 
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It is clear from the foregoing experiments that ITP can supplant ATP as 
a cofactor in the exchange reaction and that it is considerably more active 
than ATP at all levels of nucleotide and enzyme activity tested. It was 
interesting, therefore, to learn whether ITP could also replace ATP in the 
reverse reaction in which OAA is decarboxylated. The results of such an 
experiment are shown in Fig. 4, in which varying concentrations of ATP 
and ITP were added to partially purified carboxylase acting at pH 6.0 in 
succinate buffer. All values have been corrected for non-enzymatie de. 

















104 
yM ITP 
COe pl 
FIXEDg COp 
150 - 
64 
] 100 4 
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] 504 
25 ATP 
< T T T J 
\ 2 3 4 5S | 15 20 
CONC. of ATPor ITP x1075M CONC. of ATP or ITP X1075M 
Fig. 3 Fia. 4 


Fic. 3. Effect of ATP and ITP concentration on CO: exchange. Conditions as in 
Table III except for the ATP and ITP concentration. 

Fig. 4. Effect of ATP and ITP concentration on OAA decarboxylation. Condi- 
tions as in Fig. 2 except for ATP and ITP concentration and for buffer (pH 6.0, 0.05 
‘succinate in this experiment). 


varboxylation. Under these particular conditions ITP exerts a consider- 
ably greater effect than ATP. At 1 X 10-* M, the ratio of additional de- 
carboxylation caused by ITP (over. the non-nucleotide decarboxylation) 
to that caused by ATP is 3.5. The ITP value tends to decrease at higher 
levels, while ATP increases. 

Activity of ATP via ITP—Since both ATP and ITP activate the car- 
boxylase, the possibility that one of the two substances may be acting 
indirectly must be considered. It seems unlikely that ITP is acting by 
way of ATP, since the former is more active than the latter under all 
conditions tested. However, the reverse situation in which ATP might 
act indirectly because of contamination with IDP or ITP or by conversion 
to one of these substances was not ruled out by any of the foregoing experi- 
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ments. The ATP used in these experiments was the commercial sodium 
salt obtained from the Pabst Brewing Company. According to chromato- 
graphic analyses (2), the ATP contained about 10 per cent ADP and a 
trace of AMP, but no IDP or ITP was detected by this method. Spee- 
trophotometric ratios at 250 and 260 my were those of adenine compounds, 
within the experimental limits of the method. The incubation of ATP 
with the components of the carboxylase CO. exchange system for 20 min- 
utes gave no detectable change in the ultraviolet absorption, making it 


TABLE V 
Action of Purified ATP and ADP in COs Exchange with OAA 




















; Additions 
by No. Description sy A! zed 
ATP ADP ITP 
pM uM uM pM 
1 2.5 Unchromatographed ATP 0.33 
2 2.5 Shromatographed ATP 0.098 
3 2.5 0.25 e ** and ADP 0.101 
4 5.0 " ADP 0.035 
5 5.0 Commercial ADP 0.27 
6 1.0 ATP synthesized from ADP 0.072 
7 1.0 0.05 sa x is of 0.631 
8 1.0 0.1 " ‘ 7 " 0.886 
9 1.0 Unchromatographed 0.507 
10 0.05 | Chromatographed 0.261 
11 0.1 = 0.430 
12 1.0 “s 1.219 


Experimental conditions as described in Table III except for nucleotide and en- 
zyme. 230 y of carboxylase protein (specific activity, 20) used in Experiments 1 
to5 and 345 y in Experiments 6 to 12. 


unlikely that ATP was being converted to a hypoxanthine derivative by 
deamination during the experiments. 

The foregoing observations offered no evidence against a direct action of 
ATP in the system. However, as another approach to the problem, com- 
mercial ATP was carefully chromatographed on Dowex | (chloride) col- 
umns (2) and the first and last portions of the ATP band were discarded in 
order to remove any contaminant witha slightly different chromatographic 
behavior. The ATP was precipitated as the barium salt at pH 8.0, dried, 
and reconverted to the sodium salt. A comparison of the purified material 
with the unchromatographed ATP appears in Experiments 1 and 2 of 
Table V. It will be noted that chromatographic purification of the ATP 
lowered its activity in the exchange reaction to about one-third of the 
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activity of the untreated salt. Several more batches of ATP were purified was € 
chromatographically, with a corresponding decrease in activity. Theg bette 
results were interpreted as evidence that some activating substance in the this ] 
ATP was being removed. Since commercial ATP contains a significant HCl- 
amount of ADP, it was possible that ADP was the activating substance NaCl 
removed. The addition of amounts of ADP comparable to those present been 
originally did not increase the activity, however (Experiment 3). The tincti 
ADP was prepared chromatographically from commercial ADP (2), fol. IMP 
lowed by precipitation as the barium salt. Commercial ADP has beep nucle 
335 | aden 

L ; (2), t 
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Fie. 5. Chromatographic separation of IMP, IDP, and ITP. See the text cept 

rega 

shown repeatedly to activate the carboxylase (see Experiment 5), pre- fied 
sumably by way of myokinase, but the purified material is only about one- In 2 
eighth as active, pointing also to the removal of some other substance from were 
commercial ADP. unit 
These results suggested that a part or perhaps all of the activity observed cent 
in previous experiments with ATP and ADP was due to contaminating sub- ana 
stances. Since ITP is the only other material known to be active in the beet 
system, it seemed reasonable that ITP or something that could be con- tial] 
verted to it, such as IDP, might be the contaminating substance, although kins 
present in such low concentrations as to escape detection by ordinary means OA. 
of testing. Mg 
The chromatographic behavior of IMP, IDP, and ITP is shown in Fig. bee! 
5. In this experiment a Dowex 1 (chloride) column, 3 em. X 0.36 sq. em., reac 
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was employed. The 4 per cent cross-linked resin used here seems to give 
better resolution than the 10 per cent cross-linked variety, at least with 
this particular series of compounds. IMP is eluted rapidly with 0.01 n 
HCI-0.02 m NaCl, IDP somewhat more slowly with 0.01 n HCl-0.09 m 
NaCl, and ITP rapidly with 0.01 nN HCl-0.5 m NaCl. All values have 
been calculated from absorption at 250 my in 0.03 n HCl with a molar ex- 
tinction coefficient of 10,300 as obtained on determinations with pure 
IMP. This method serves well as an analytical tool with 1 to 5 um of the 
nucleotides on a column of this size in the absence of members of the 
adenylic series. We have found, as has been reported by Cohn and Carter 
(2), that AMP is eluted from similar columns with 0.003 nN HCl. There is 
a considerable separation of AMP from the slower moving IMP, although 
the latter material can also be eluted with 0.003 n HCl if sufficient volumes 
are used. ADP is eluted by 0.01 Nn HCI-0.02 m NaCl and follows IMP 
rather closely. ATP was eluted by Cohn and Carter with 0.01 Nn HCI-0.2 
m NaCl, but can also be obtained with 0.01 n HCI-0.09 m NaCl at a some- 
what slower rate. The behavior of ATP is very similar to that of IDP, 
although the former may move a little more slowly. However, in the 
present methods these two components cannot be separated and all frac- 
tions are cross-contaminated, and the same situation undoubtedly exists 
when Cohn and Carter’s original solvent is used. ITP comes off somewhat 
later and may be fairly easily separated from ATP and IDP. 

These observations clearly indicate that ATP obtained by the usual 
chromatographic techniques may be contaminated with IDP if that sub- 
stance is present in the material being purified. On the other hand it 
seems likely that ADP will be free from IDP and ITP, although not 
necessarily from IMP. Fortunately IMP has no effect on carboxylase ex- 
cept an inhibitory one in high concentrations, and it can therefore be dis- 
regarded. On the basis of this reasoning ATP was synthesized from puri- 
fied ADP and phosphoenolpyruvate with purified pyruvic phosphokinase. 
In a total volume of 1.6 ml., 8 um of chromatographically purified ADP 
were incubated with 8.8 um of PEP together with 15 um of MgCl, and 7 
units of the kinase in 0.025 m NaHCO; buffer after equilibration with 5 per 
cent CO2-95 per cent N» for 30 minutes at room temperature. Phosphate 
analyses run at the end of the reaction indicated that 7.9 um of ATP had 
been formed and that 0.7 um of PEP remained, thus indicating an essen- 
tially complete conversion of ADP to ATP. After inactivation of the 
kinase by heating, appropriate aliquots of the solution were added to the 
OAA carboxylase system to test the activity of the ATP formed. The 
MgCl, and small amounts of PEP which also are added with the ATP have 
been shown in other experiments to be without influence on the exchange 
reaction. Small amounts of bicarbonate remaining (5 um in the aliquot be- 
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fore heating) may dilute the specific activity of the NaHC™O; (50 um) used respec 


in the exchange reaction. that 2 

The ATP synthesized from ADP is shown to be about one-seventh ag going 
active as the unchromatographed material in Experiment 6 of Table Y. and A 
It will be noted that in Experiment 2 chromatographed ATP was about a must 
third as active as the untreated material. It seems probable from these ITP 
results that the commercial ATP is contaminated with both ITP and IDP Th 
and that the former substance can be removed rather easily by chroma- mech 
tography, but that IDP cannot. The effect of small amounts of ITP when plana 
added to the synthesized ATP is shown in Experiments 7 and 8 of Table Y. (or 1 


0.05 um of ITP produces a 9-fold increase in activity, illustrating that the with 
presence of minute amounts of ITP (or IDP) in ATP can greatly increase IDP 
the apparent activity. The effect of this small amount of ITP with added 
ATP is about double that expected if the effect is strictly additive to the 
ATP-catalyzed fixation (see Experiment 10), suggesting that interaction 
between the two substances occurs. 

Krebs and Hems (10) and Berg and Joklik (11) have recently discovered -~ 
an enzyme, “nucleoside diphosphokinase,” in yeast, muscle, and other 
sources which catalyzes phosphate transfer between various di- and tri- E 


Fori 


phosphate nucleotides. Among other reactions, this enzyme catalyzed the 3 
following exchange of phosphate: x 

ATP + IDP s ADP + ITP . ‘ 
It is apparent that the presence of this enzyme as a contaminant in the ~ 
carboxylase would provide a mechanism whereby ATP could act indirectly Ee 
: » , ‘ ‘me prote 
in the carboxylase by way of IDP. As is shown in the next paper of this ough 
series (12), ITP is converted to IDP by reaction with OAA, thereby pro- and 5 
viding for the regeneration of IDP. 

OAA carboxylase was tested for the presence of nucleoside diphospho- Pc 
kinase by incubating ATP and IDP together with the carboxylase under note 
the approximate conditions of the carboxylase exchange assay (OAA omit- prev 
ted). The results of a balance experiment of this type are shown in Ta- prep 
ble VI. The materials were eluted from a column of the type described in per ¢ 
Fig. 5 with the solvents indicated in the headings. IMP-ADP and IDP- abov 
ATP appeared as mixed fractions, and the components were calculated tion: 
from equations based on the absorption curves of IMP and AMP as refer- suce 
ence standards. The isosbestic point of IMP and AMP in acid solutions upol 
such as were used is approximately 246 my, and this value and 266 mu, the Tab 
point of greatest difference between IMP and AMP, were used in the cal- caus 
culations, although absorption at 250 and 258 muy, the respective maxima T 
for hypoxanthine and adenine compounds under these conditions, was also pres 
noted. The extinction coefficients at the maxima were 10,300 and 13,600, arat 
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respectively, for IMP and AMP. The results show rather conclusively 
that an amount of OAA carboxylase smaller than used in most of the fore- 
going experiments catalyzed the formation of considerable amounts of ITP 
and ADP. The rate is probably not a maximal one since the components 
must be near equilibrium if it is assumed that the terminal phosphates of 
[TP and ATP are essentially equivalent in energy content. 

The demonstration of the existence in the impure OAA carboxylase of a 
mechanism for phosphate transfer between ATP and IDP provides an ex- 
planation of the observed results with ATP and catalytic amounts of ITP 
(or IDP). It remains to be answered whether the small activity observed 
with purified ATP alone is due to a slow direct reaction or the presence of 
IDP in extremely small amounts. 


TaBLe VI 
Formation of ITP and ADP from IDP and ATP by Impure OAA Carbozylase 


0.003 x HCl, 60 ml 0.01 x HCI-0.02 wu NaCl, 0.01 N HCI-0.09 mu NaCl, 0.01 n HCI-0.5 u 


Incubation 0 ml. 180 ml. NaCl, 90 ml. 
time 
AMP IMP ADP IDP ATP ITP 
este. pM os uM uM uM uM 
0 0.06 0.13 0.12 1.25 2.08 0.06 
20 0.25 0.13 0.75 0.52 1.17 0.77 
A +0.19 0 +0.63 —0.73 —0.91 +0.71 


Each vessel contained, in a total volume of 1.0 ml., 220 y of OAA carboxylase 
protein (specific activity, 20), 2.1 um of chromatographed ATP, 1.3 um of chromato- 
graphed IDP, 2 um of MnClo, 2.5 um of GSH, 2 mg. of albumin, 60 um of K phosphate, 
and 50 um of NaHCQs. Incubated for 20 minutes at 38°. 


Final pH about 7.2. 

Participation of —-SH Groups in OAA Carboxylase Action—It has been 
noted that —-SH groups play a réle in the action of OAA carboxylase. In 
previous studies with pigeon liver (9), it was reported that partially purified 
preparations carrying out the exchange reaction were stimulated about 100 
per cent by the addition of GSH. The GSH effect was exerted over and 
above the ATP stimulation. In addition it has been noted (1) that solu- 
tions of the purified OAA carboxylase from chicken liver can be lyophilized 
successfully only after addition of GSH. The effect of GSH and cysteine 
upon a dialyzed purified preparation of the OAA carboxylase is shown in 
Table VII. Approximately a 70 to 80 per cent increase in activity is 
caused by the addition of either GSH or cysteine. 

The effect of p-chloromercuribenzoate upon the exchange reaction in the 
presence of ITP is presented in Table VIII. The OAA carboxylase prep- 
aration was dialyzed for 3 hours to rid it of part of the GSH which had 
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been added prior to lyophilization, but some GSH is undoubtedly present, 
Longer dialysis results in a severe decrease in activity. The results show 
that a 1 X 10-* m concentration of the inhibitor causes an 82 per cent in 
hibition, and a 5 X 10~ m concentration almost complete inhibition, Ip 
Experiment 6 the inhibition caused by 1 X 10-‘m p-chloromercuribenzoate 
is almost completely reversed by the addition of 25 times as much GSH. 











Tasie VII 
Effect of GSH and Cysteine on CO. Exchange 
Experiment | | COs: fixed 
he a late oe 
A None | 0.13 
B 750 y GSH | 0.23 
Cc | 300 ‘‘ cysteine 0.22 








OAA carboxylase dialyzed 3 hours in the presence of albumin. Other conditions 


as in Table III, except that 2.5 um of ATP were present in these experiments and GSH 
was added only as indicated. 














Taste VIII 
Inhibition of OAA Carborylase with p-Chloromercuribenzoate 
| Additions | 
Experiment No. ene —— _ — aan | OAA synthesized 
p-Chloromercuribenzoate | GSH 

| cri... «a. .... - oer 
1 0.87 
2 2.5 X 10-3 0.78 
3 2.5 X 10-5 0.77 
4 1 X 10% 0.16 
5 5 X 10-4 0.004 
6 1 X 10-¢ 2.5 X 10-%* 0.69 


* GSH added after 10 minutes incubation of enzyme with inhibitor. Conditions 
as in Table III except that 1 um of ITP was present in each experiment. 


The inhibitor was added first to the enzyme and was in contact with the 
enzyme about 10 minutes before addition of the GSH. Since this experi- 
ment was run with ITP rather than ATP, interconversions between ATP 
and IDP cannot be involved in the p-chloromercuribenzoate inhibition. 
Very similar results have been obtained in studies with ATP and the in- 
hibitor, with the exception that the addition of GSH alone to the dialyzed 
enzyme always results in some increase in activity (see Table VII) rather 
than a slight decrease, as was found in the experiments of Table VIII. 
Studies on the effect of added GSH or p-chloromercuribenzoate on the 
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decarboxylation of OAA by the OAA carboxylase yielded inconclusive re- 
sults, apparently because of the anomalous effects of these substances upon 
the non-enzymatic decarboxylation of OAA in control vessels. 


DISCUSSION 


In addition to the enzyme system discussed here, proteins catalyzing the 
decarboxylation of OAA have been found in Micrococcus lysodeikticus (13, 
14), Azotobacter (15), Lactobacillus (16), pigeon liver (“‘malic”’ enzyme) (7), 
and in a wide variety of plants (17). With the exception of the first two, 


~ | the erystalline globulin obtained from Cucurbita, and the enzyme described 





in the present study, all of these decarboxylating agents have been found 


to be associated with one of the “‘malic’” enzymes. All of them have acid 
| pH optima and require divalent metal ions. They differ in that TPN 
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\d GSH | 


‘ized 
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stimulates decarboxylation of only the pigeon liver “malic” enzyme. The 
OAA carboxylase described here differs from all of the above enzymes ex- 
cept that from Azotobacter in its pH range. As will be discussed elsewhere 
(12), it differs from all of the above agents except the globulin from Cucur- 
bita in that it can cause the decarboxylation of OAA in the absence of added 
metal ions. Its requirement for ITP (or ATP) is not shared by any of the 
above enzymes. 

Studies of the non-enzymatic decarboxylation of OAA have been made 
by Pedersen (18) and of the dimethyl derivative by Steinberger and West- 
heimer (19), and have been discussed recently by Williams (20). All of 
the above authors are in agreement that the metal-catalyzed decarboxyla- 
tion of OAA or its dimethyl derivative proceeds via a complex of the fol- 
lowing type. 


Coo- 
‘Me 
COO--CH:-CO 


It has further been suggested (19) that the decarboxylation results in the 
formation of a metal complex of the enol form of pyruvate. 

By analogy these conclusions may be extended to the various enzymatic 
decarboxylations, at least of the metal-catalyzed types, and there may also 
be some analogy to OAA carboxylase since the product of the decarboxyla- 
tion of OAA is an enol derivative of pyruvic acid, 7.e. phosphoenolpyruvate 
(12). 

The observation that ATP reacts slowly or not at all in the OAA carbox- 
ylase action, but can react rapidly in an indirect fashion in the presence of 
small amounts of IDP or ITP, raises several questions. Foremost perhaps 
is the question of the occurrence of IDP and ITP in liver and other biolog- 
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ical materials. Lohmann (21) reported the isolation of ITP from frog 
muscle, but the existence of ITP and IDP in most tissues is as yet un- 
proved. The evaluation of the physiological significance of the ITP catal- 
ysis of OAA carboxylase action will therefore await more extensive evidence 
concerning the existence and formation of these compounds.* 

Kleinzeller (22) studied the relative rates of reaction of ITP and ATP 
in a number of reactions, using muscle preparations. He reported that 
myosin dephosphorylates ITP about 3 times more rapidly than does ATP. 
Muscle hexokinase and creatine phosphokinase can use ITP as a phosphate 
donor but only at a rate of one-fifth to one-eighth that of ATP. Phospho- 
hexokinase and myokinase did not act upon ITP or IDP, respectively. It 
is apparent from the present work that the demonstration of activity with 
both ATP and ITP does not constitute proof that both substances act di- 
rectly, and this limitation applies to Kleinzeller’s results. Since most 
preparations of ATP probably contain small amounts of ITP and IDP, 
the demonstration of ATP activation in enzymatic reactions may be mis- 
leading, as has been demonstrated in the present study. 


SUMMARY 


OAA carboxylase has been shown to catalyze the decarboxylation of 
OAA with a pH optimum of about 6. The reaction requires the presence 
of ITP (or ATP). The decarboxylative and CO, exchange activities ap- 
pear to be related to the same protein moiety. 

ITP is more active than ATP with OAA carboxylase in either the ex- 
change reaction of CO2 with OAA or in OAA decarboxylation, and evidence 
is presented that ATP reacts in part, at least, indirectly by way of ITP. 

The necessity of —SH groups for activity of OAA carboxylase has been 
demonstrated. 
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2 Preliminary studies by the authors of the nucleotide fraction of chicken liver 
indicate the presence of materials capable of stimulating the slow reaction of purified 
ATP in the OAA carboxylase exchange reaction in the same manner as IDP or ITP 
have been found to do (Table V). These observations suggest that ITP or IDP is 
present in fowl liver. In addition the observation that samples of ATP from rabbit 
muscle and from yeast all contain activating substances also suggests the occurrence 
of IDP and ITP in these materials. 
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MECHANISM OF ACTION OF OXALACETIC CARBOXYLASE* 


By M. F. UTTER anv K. KURAHASHI 


(From the Department of Biochemistry, School of Medicine, Western Reserve 
University, Cleveland, Ohio) 


(Received for publication, September 4, 1953) 


In the two previous papers of this series, the purification of OAA! car- 
boxylase of chicken liver has been reported (3) and some of its properties 
described (4). The enzyme was demonstrated to catalyze the exchange 
reaction of C“O, with OAA or the decarboxylation of the latter compound, 
depending upon the conditions of the experiment. ITP or ATP was neces- 
sary for both of the above reactions. Pyruvate does not act as the ac- 
ceptor for COz (5) during OAA formation in the exchange reaction, but 
rather some substance arising during the decarboxylation of OAA serves 
thisfunction. Net synthesis of OAA was not demonstrated in the previous 
studies. In the present study with the purified carboxylase it will be shown 
that the acceptor compound is phosphoenolpyruvate and that a net forma- 
tion of OAA can be effected readily from PEP, NaHCO, and a phosphate 
acceptor such as IDP. Conversely, in the decarboxylation reaction of 
OAA, PEP is formed at the expense of ITP or ATP. 


Methods and Materials 


Enzymes—OAA carboxylase was purified from chicken liver as described 
previously (3). As will be indicated, some of the experiments were carried 
out with preparations obtained from the first steps of purification (FA 
stage); others from the second series of gel steps (FA-2 stage). 

Malic dehydrogenase’? was purified from pig heart by the method of 
Straub (6) and showed a specific activity of about 20 units per mg. of 
protein when a unit is equivalent to the reoxidation of 1 um of DPNH per 
minute at pH 7.4 with OAA as substrate. 


* This work was supported in part by contract No. AT(30-1)-1050 with the Atomic 
Energy Commission and in part by the Elisabeth Severance Prentiss Foundation. 
The C'* was obtained on allocation from the Atomic Energy Commission. Pre- 
liminary reports of this work have appeared elsewhere (1, 2). 

! The following abbreviations will be used throughout: adenosinediphosphate, 
ADP; adenosinemonophosphate, AMP; adenosinetriphosphate, ATP; reduced di- 
phosphopyridine nucleotide, DPNH; reduced glutathione, GSH; inosinediphosphate, 
IDP; inosinemonophosphate, IMP; inosinetriphosphate, ITP; oxalacetic acid, OAA; 
phosphoenolpyruvate, PEP; phosphoglyceric acid, PGA; reduced triphosphopyridine 
nucleotide, TPNH. 

*We are indebted to Dr. David Cohn for a generous supply of this preparation. 
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Hexokinase was prepared from yeast through Step 5 of the method of 
Berger et al. (7). 

Pyruvic phosphokinase and lactic dehydrogenase were used as described 
previously (3). 

Other Materials—PEP was synthesized according to the method of Baer 
and Fischer (8). The material obtained from the first barium precipita. 
tion was purified by chromatography on Dowex 1 resin and reprecipitated 
as the barium salt. One such passage through the ion exchange colump 
gave PEP of at least 90 per cent purity and in about 50 per cent yield, 
Through the kindness of Dr. Baer a sample of the silver barium salt of 
PEP was obtained and compared in certain key experiments with the 


chromatographically purified material. No differences in biological ae. | 


tivity were detected. 

IDP was prepared by deamination of commercial barium salt of ADP 
(Sigma Chemical Company), followed by the chromatographic procedure 
described before (4). The sample used in these experiments contained 6 
per cent IMP and 1.4 per cent ITP as detectable impurities and possibly 
traces of ATP not detectable by spectrophotometric means. IDP can 
also be prepared as a by-product of the chromatographic purification of 
commercial ITP. 

IMP, ATP, ADP, AMP, OAA, GSH, DPNH, ITP, and NaHCO; were 
prepared or obtained as mentioned previously (3, 4). 

Methods—OAA was decarboxylated by Al*** and the released CO, pre- 
cipitated and counted as BaCOs; as described previously (3). In experi- 
ments in which it was desired to identify the OAA more definitively, the 
2 ,4-dinitrophenylhydrazone was prepared and determined by chromato- 
graphic means as described in the succeeding section. 

Inorganic phosphate was determined by the method of Lohmann and 
Jendrassik (9). PEP was ordinarily determined as the phosphate released 
by hypoiodite (10), although in one experiment PEP was identified by 
chromatographic and enzymatic means. Alkali-labile phosphate (triose 
phosphate) was determined by hydrolysis in 1 N NaOH for 20 minutes at 
room temperature. 

The 2 ,4-dinitrophenylhydrazone of OAA was counted in stainless steel 
planchets after evaporation from ethyl acetate, and the counts were cor- 
rected to a BaCQ; basis by a previously determined factor. C'*-Malate 
was placed on a filter paper disk in similar planchets and dried at a rather 
low temperature under a heating lamp under conditions shown to remove 
COz and the B-COOH of OAA. These values were likewise corrected to a 
BaCoO, basis. 
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‘od of EXPERIMENTAL 
Synthesis of OAA from PEP--After preliminary experiments had indi- 
‘Tibed eated the probable formation of PEP and ADP as products of the ATP- 
eatalyzed decarboxylation of OAA, studies were initiated to learn whether 
Baer a net synthesis of OAA could be accomplished with PEP, ADP, and 
Ipita- NaHCO;. These experiments were conducted in small Warburg vessels 
tated with two side arms; the enzyme and albumin were placed in one side arm, 
Hum NaHC™O; in the other, and all other components in the main chamber. 
yield. After gassing with N» and equilibration at 38°, the contents of the vessels 
alt. of 
n the TABLE I 
Ul ac. | Net Synthesis of OAA from PEP, ADP, and NaHCO; 
ADP Experiment No. |_ ; cn OAA formed 
dure PEP ATP ADP Pyruvate 
1ed 6 wan an pM uM uM ' uM 
sibly 1 | 3.6 0.0007 
he: 3 | Be 25 0-165 
t o. | ° ~ 
wh 4 3.6 2.5 = | 0.004 
were 5 | m= TY ww 4 0.007 
6 3.2 0.039 
. pre- 7 2 0.003 
— Each vessel contained, in a 1 ml. volume, 600 y of purified OAA carboxylase pro- 
» the tein (specific activity, 20 (micromoles X 10~? of CO: fixed in OAA per minute per 
nato- mg. of protein)), 50 um of K phosphate buffer (pH 6.4 in Experiments 1 to 4; pH 6.0 
in Experiments 5 to 7), 2 um of MnCls, 2.5 um of GSH, 2 mg. of albumin, 50 um of 
and NaHCO; containing 150,000 counts, and other additions as indicated. Incubated 
for 5 minutes at 38°. 
ased 
d by : seas , - - ae . 
ie were mixed, yielding a final pH of 7.4 to 7.6. After a 5 minute reaction 
riose 
| period, the vessels were removed from the bath and 0.1 ml. of 10 N H2SO, 
ts was added to stop the reaction, followed by the addition of 60 um of carrier 
OAA.. After removal of the residual C“Os, the OAA was decarboxylated 
steel by Al*+*++ and the CO, collected and counted as BaCO;. The amount 
cor of OAA formed can be calculated by using the specific activity of the 
alate | = NaHC"Os. 
ther The results of Experiments 1 and 7 of Table I show that no appreciable 
nove amount of OAA is formed from PEP in the absence of ADP, a result which 
toa has been observed repeatedly. In the presence of ADP (Experiments 2 
and 3) 0.16 um of OAA was formed or in another series 0.04 um (Experi- 
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ment 6). In Experiments 2 and 3, this amount of OAA represented 
fixation of 480 counts, since the NaHCO; had a specific activity of 3000 
counts per uM. Doubling the ADP concentration had little effect. 

The reaction is postulated as follows: 


OAA + ITP = PEP + CO, + IDP (1) 
(ATP) (ADP) 


Commercial ADP and ATP were used in these experiments. As discussed 
in some detail previously (4), IDP and ITP are considerably more active 
than their purified adenine counterparts, and the latter may act entirely or 
partially, at least after conversion to ITP or IDP, through the action of nu. 
cleoside diphosphokinase (11, 12). 


ATP + IDP = ADP + ITP (2) 


It will be noted that a net conversion of ATP to ADP (and PEP) can be 
effected through the combined action of OAA carboxylase and the nucle- 
oside diphosphokinase, even if ATP does not participate directly in the 
OAA carboxylase reaction. Likewise in the reverse direction, formation of 
ATP at the expense of ADP and PEP can be accomplished even if ADP 
does not react directly. 

In Table I, in accordance with Equation 1, substitution of ATP for ADP 
leads to the synthesis of very small amounts of OAA, which may be due 
to the ADP (10 per cent) and IDP (? per cent) present in the ATP. In 
Experiment 5 of Table I it is shown that no appreciable synthesis of OAA 
occurs with pyruvate in the presence of ATP and ADP. This is in accord 
with previous findings that purified carboxylase preparations (5) are un- 
able to catalyze the exchange of pyruvate with OAA. 

In previous experiments (13) with pigeon liver extracts, it was shown 
that PEP could not replace ATP in catalyzing the exchange reactions of 

CO, with OAA. This finding was wrongly interpreted as evidence that 
PEP was not an intermediate in the carboxylase reaction, but it is now 
apparent that PEP is active only in the presence of a phosphate acceptor. 
It is interesting to note that in the same series of experiments (13) PEP 
plus AMP was found to give excellent activity, but this finding was at- 
tributed to the formation of ATP through the action of pyruvic phospho- 
kinase, which had been shown to be present. 

Kaltenbach and Kalnitsky (14, 15) have reported a net synthesis of OAA 
from pyruvate and CO, with Escherichia coli extracts. The specific ae- 
tivity of the OAA formed is considerably below that of the starting C™O:, 
and hence the exact mechanism of the reaction is unknown, although it 
may be related to the one under study here. 

The influence of ITP and hexokinase upon the synthesis of OAA is re- 
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ported in Table II. The synthesis of OAA is considerably enhanced by the 
addition of hexokinase and glucose with ADP and is even greater with ITP. 
These findings are in accord with Equations 1 and 2 and can be explained 








TaBLe II 
Effect of ITP and Hexokinase on OAA Formation 
Addition 
Experiment No. iapgemninsstciieaaiaiia te — = OAA formed 
ADP ITP | Hexokinase* 
“ BM »M | ml. | pM 
1 2.5 | 0.18 
2 2.5 2.5 | | 0.09 
3 2.5 | | 0.1 | 0.38 
4 2.5 0.1 0.55 





Experimental conditions as in Table I, Experiments 1 to 4, except that each vessel 
contained 3.6 um of PEP, 20 uM of glucose, 10 um of MgClo, and additions as indicated 
above. 

* This amount of hexokinase will catalyze the phosphorylation of approximately 
4 um of glucose per minute. 





TaBLe III 
Effect of Incubation Time and Concentration of Reactants on OAA Synthesis 


| 


Experiment | Incubation Abitiene OAA 
No. | time : —| synthesized 
| | NaHCO; PEP ITP ADP | Hexokinase 
min. | uM | pM uM uM ml. | uM 
an ie 50 | «3.0 1.5 | 0.1 | 0.39 
2 20 100 ioe } 46 ; @2 | 0.79 
3 20 100 6.0 | 3.0 0.1 | 1.30 
4 20 100 3.0 | | 2.5 0.1 0.53 
5 40 100 6.0 | 0.8 2.5 0.2* 2.51 


| 

Each vessel contained, in a total volume of 1.0 ml., in addition to the components 
noted above, 600 y of OAA carboxylase protein (specific activity, 20), 2 um of MnCls, 
10 um of MgCle, 20 um of glucose, 2.5 um of GSH, 2 mg. of albumin, and 50 um of K 
phosphate buffer (pH 6.4 in Experiment 1; pH 4.5 in Experiments 2 to 5). Tem- 
perature 38°. The bicarbonate had a specific activity of about 8000 counts per 
pM. 

* (0.1 ml. of hexokinase added at zero time and 0.1 ml. after 20 minutes incubation. 


by the removal of ITP and ATP by hexokinase, thereby displacing the 
reaction toward OAA synthesis. 

In an effort to increase the OAA synthesis still further, the effect of in- 
creased time and concentration of reactants was investigated, as shown in 
Table III. Hexokinase was present in all experiments. Doubling the 
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NaHCO; concentration resulted in a proportional increase in OAA syn- f 


thesis in a 20 minute period, and a similar increase in the concentrations of 
ITP and PEP raised the OAA synthesis to 1.3 wm. A synthesis of 2.5 py 
of OAA was achieved by increasing the incubation time to 40 minutes. 
Additional hexokinase was added from a side arm at 20 minutes to insure 
that this reaction did not become a limiting factor through inactivation, 
In this experiment about 40 per cent of the added PEP was converted to 
OAA and, owing to the instability of the latter substance, this represents 
a minimal value. 

Identification of OAA—In the experiments described above OAA was 
assumed to be equivalent to the Al*+*++-labile CO» of the reaction mixture. 
The Al*** decarboxylation is quite specific (16), but it seemed desirable to 
identify the OAA more rigidly. Therefore, an experiment was performed 
similar to that described in Experiment 5 of Table III with the exception 
that GSH was omitted. After 40 minutes, the reaction was stopped by 
the addition of H.SO,. A similar vessel was acidified at zero time to serve 
asacontrol. 2 um of OAA were added to the control vessel, since approvi- 
mately that much synthesis was expected in the reaction vessel and the 
OAA in the control could thus serve as an indicator of stability and posi- 
tion of the synthesized OAA in later operations. 

Aliquots representing a tenth of the total reaction volume were removed 
and deproteinized by the addition of 20 per cent perchloric acid, and the 
filtrate was treated with 2,4-dinitrophenylhydrazine (in HCl) and chro- 
matographed on small Super-Cel columns by the method of LePage (17). 
The OAA bands were collected and analyzed spectrophotometrically (17). 
The results showed, after correction to the basis of a whole vessel, that 1.44 
um of OAA had been recovered from the control vessel and 1.01 um from 
the reaction vessel. Presumably the loss of OAA from the control repre- 
sents decarboxylation during various analytical procedures, since approxi- 
mately 0.5 um of pyruvate was also recovered. If it is assumed that a 
proportional loss of OAA occurred in the reaction vessel, 1.40 um must 
have been present originally. 

Analysis of another aliquot of the experimental vessel by the usual Al**++ 
method showed that the vessel contained 11,010 counts of fixed C™O». 
Therefore, according to this measurement the OAA had a specific activity 
of 11,010/1.40 or 7864 counts per um. The NaHC™O; used in this experi- 
ment had a calculated specific activity of 8000 counts per uM. 

Other aliquots were deproteinized with 10 per cent m-phosphoric acid 
and allowed to react with 2,4-dinitrophenylhydrazine (in H.SO,). The 
acid solutions were extracted with ether and placed on Whatman No. 1 
filter paper and chromatographed with butanol in an NH;-saturated at- 
mosphere (18). Yellow hydrazone bands with Ry values of 0.32 and 0.75 
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were found in both the control and experimental chromatograms. Previ- 
ous runs had shown that OAA hydrazone was the slower component and 
the hydrazone of pyruvate the faster. The slower bands were cut out and 
eluted with 1 per cent NH,OH, and aliquots were analyzed spectrophoto- 
metrically in NaOH (17). These analyses indicated that OAA hydrazone 
corresponding to 1.41 and 1.1 wm had been recovered from the control and 
experimental vessels, respectively. The remainder of the hydrazone re- 
covered from the chromatogram of the experimental vessel was mixed with 
a known amount of carrier OAA hydrazone, dissolved in a small volume of 
warm ethyl acetate, and allowed to crystallize. A portion of the crystals 
was measured for C'* content and, after appropriate corrections for dilution 
by the carrier, the OAA was found to have a specific activity of 8430 
counts per wm. After three more recrystallizations the specific activity 
was 7760 counts per um. These values compare favorably with the value 
of 7864 counts calculated from Al*+++ decarboxylation of the reaction mix- 
ture. 

The chromatographic and related procedures described above would 
seem to identify OAA as a major product of synthesis from PEP, and the 
recrystallization of the hydrazone without change in specific activity con- 
firms OAA as the site of fixed COs, at least that labile to Al***. 

Effect of Pyruvic Phosphokinase on OAA Synthesis—Steinberger and 
Westheimer (19) have made a study of the non-enzymatic decarboxylation 
of dimethyl] OAA and have reported that the initial product is an enol 
derivative of pyruvate. It seemed possible that an enol form of pyruvate 
might also be involved in the OAA carboxylase reaction. Pyruvie phos- 
phokinase might yield enol-pyruvate, as shown in Equation 3, which could 
then serve as an acceptor for CO>. 


PEP + ADP 2 enolpyruvate + ATP (3) 


If this hypothesis is correct, pyruvic phosphokinase should play an essential 
part in OAA synthesis. Assay of the purified carboxylase (FA stage) by 
the method of Kornberg and Pricer (20) indicated that the content of 
pyruvic phosphokinase was very low, but it was difficult to eliminate the 
enzyme from consideration on this basis. Accordingly, the effect of added 
pyruvic phosphokinase prepared from rabbit muscle was studied, with the 
results shown in Table IV. Kinase equivalent to 0.5 unit almost com- 
pletely inhibited OAA synthesis, while lower amounts produced a decreas- 
ing inhibition as shown in Experiments 1 to 4 of Table ITV. In no case, 
however, was a stimulation observed, as might be expected if the above 
hypothesis were correct. In Experiment 7, pyruvic phosphokinase was 
added after OAA had already been synthesized. Its addition resulted in 
an almost complete removal of the preformed OAA. These results seem 
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to indicate, that if pyruvic phosphokinase plays any réle in the carboxylase pyru 
reaction, it acts as an inhibitor competing for PEP and ADP. not 1 

Formation of PEP during OAA Decarboxylation—aAs reported previously non- 
(4), OAA carboxylase catalyzes the decarboxylation of OAA in the presence nal | 
of ITP or ATP. The reaction with ATP is demonstrated in Table Y. the ] 
Again it should be emphasized that the latter substance may be acting hydr 
after conversion to ITP, as discussed in connection with Table I. At any form 
rate, the over-all changes measured in Table I essentially reflect changes in The 

TaBLE IV 
Influence of Pyruvic Phosphokinase on OAA Synthesis 
Added at end of 5 min. a 
Experiment | Incubation | Pyryvicphor acenn pre: a7 
. H:SO« mo = s | Pveninsies- No. 
phokinase 
min. aie i ar ips a Bs “~ - “a _ 
1 5 0.1 0.175 
2 5 | 0.5 0.1 0.004 i 
Se 0.1 0.1 0.016 3 
“a ae 0.02 0.1 0.162 = 
5 5 0.1 | 0.16 4t 
6 20 ime 0.12 at 
7 20 _  O.1f 0.002 6t 

Conditions other than those indicated above were as in Table I, Experiments 1 it 
to 4. aes 

*1 unit = 1 um of pyruvate produced (determined as the oxidation of 1 uM of E 
DPNH at 340 my) per minute. (spe 

7 0.5 unit (1 unit = 1 um of DPNH oxidized per minute). a 

* 
ATP regardless of the exact mechanism of action, since if IDP and ITP ; 
are present it is in catalytic amounts only. 

These experiments were carried out in Warburg vessels aerobically at | mer 
30° with OAA which was freshly neutralized with NaOH to the approxi- peai 
mate pH of the buffer in one side arm and H.SO, in the other. The evolu- dive 
tion of COz was measured during the reaction period and acid was tipped | pe , 
in at the end of the reaction to release bound CO2. The contents of the the 
vessel were deproteinized with trichloroacetic acid, and phosphate deter- PE] 
minations were run on appropriate aliquots of the filtrate. In Experiments as 1 
1 to 3 of Table V, in glycylglycine buffer at pH 7.4 the 9 minute acid-labile tain 
phosphate decreases, while the hypoiodite-labile fraction increases. These wit] 
changes are interpretable as a decrease in ATP and an increase in PEP, T 
respectively. Without OAA little change is noted and substitution of Tat 
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pyruvate for OAA does not lead to PEP formation. The CO. values were 
not recorded in the glycylglycine series since the buffer causes a very rapid 
non-enzymatic decarboxylation of OAA. In Experiments 4 and 5, Vero- 
nal buffer, pH 7.8, was used. Again, ATP disappears and an ester with 
the properties of PEP is formed. It will be noted that the ester is not 
hydrolyzed by alkaline treatment alone, eliminating the possibility of the 
formation of triose phosphate or some other alkali-labile phosphate ester. 
The reaction can also be run in succinate buffer at pH 6.0, as in Experi- 


TABLE V 
Phosphoenolpyruvate Formation from OAA and ATP 









































Additions Changes 
Experi- | -~Y 
ment on . | A , 
No | ova | arp | T2t Butler | Mme | erp hau Bade.) 97" | Co, 
| | 
uM a 7 um | min. | pM um | pM | pM | lupe 
1 11.3 | Glycylglycine, | 30 |+0.02 +0.11/ 0 | 
2 (1.3 | 40 | pH74 | 30 | o |o | 
3 40 {1.3 | 30 '+0.09 +0.80 —0.93) 
4¢ | 40 | 1.08 | Veronal, pH 20 |—0.22-+0.07 +0.62'—0.84'-+1.27 
5t 1.08 7.8 20 \—0.14 +0.19) 0 +0.04 
— ———— > | | 
6f 40 | 1.14 | Succinate, pH | 20 |+0.01'+0.05\+0.51 —1.06+2.54 
7f 1.14 6.0 20 |—0.08+0.21; 0 —0.01) 


Each vessel contained, in a total volume of 1.0 ml., 500 y of carboxylase protein 
(specific activity, 20) (dialyzed for 2 hours), 2 um of MnCl, and 2 mg. of albumin. 
In Experiments 1 to 3, 2.5 um of GSH were also present. Incubated at 30° for the 
indicated time and reaction stopped by addition of 0.1 ml. of 10 N H2SOQx,. 

* Corrected for hydrolysis of PEP. 

{ Control, zero time vessel with OAA and ATP. 








ments 6 and 7. The theoretical values for PEP formed, ATP which disap- 
peared, and CO, formed should bear a 1:1:1 ratio, but the observed values 
diverge somewhat from these values. The low yield of PEP can probably 
be attributed to the presence of enolase, which is known to contaminate 
the carboxylase preparation at this stage of purity (3) and which converts 
PEP slowly to PGA. It seems probable that the CO, values are too high, 
as will be discussed in connection with Table VI. The CO, values are ob- 
tained by subtracting the CO. evolved in reactions which are complete 
with the exception of ATP. 

The formation of PEP from OAA in the presence of ITP is shown in 
Table VI. All of the experiments described therein were run in succinate 
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buffer at pH 6.0. In Experiments 1 and 2, PEP was again formed at the 
expense of labile phosphate but, as in Table V, PEP formed was not 
equivalent to the decrease in labile phosphate, presumably because of the 
enolase action. The CO, increase over the control is equivalent to ITP 
disappearance. In Experiments 3 and 4, an attempt was made to inhibit 
enolase by the addition of NaF. Mg*+ and inorganic phosphate were also 
present, since these substances have been shown to be necessary for the 
formation of the inhibitory fluoride complex (21). The addition of NaF 


Tasie VI 
Phosphoenolpyruvate Formation from ITP and OAA 





Experiment | Additions Changes 
oa OAA Mn NaF Inorganic P Hypoiodite P| 9 min. P* CO: 
uM | uM uM i uM uM uM uM "= 

1 2 +0.09 +0.12 —0.11 

2 40 2 +0 .02 +1.02 —1.65 +1.65 
3 2 5 —0.01 0 —0.01 

4 40 2 5 —0.05 +1.13 —1.42 +1.51 
5 2 +0.14 +0.10 —0.07 

6 40 2 +0.20 +0.64 —1.11 +1.01 
7 +0.15 +0.07 +0.06 

8 40 +0.09 +0.09 +0.14 +4.20 


Each vessel contained, in a total volume of 1.0 ml., 2 um of ITP, 50 uM of succinate 
buffer (pH 6.0), 2 mg. of albumin, and 700 y of carboxylase protein (specific activity, 
20) dialyzed for 2 hours and, in Experiments 4 to 8, treated with IRC-50 resin. In 
Experiments 3 to 4 each vessel contained 10 um of MgCl, and 2 ua of inorganic phos- 
phate. Incubated for 20 minutes at 30°. Zero time controls for P determinations. 
CO: control obtained from vessels with OAA, without ITP. 

’ * Corrected for PEP hydrolysis. 


made the PEP:ITP ratio somewhat closer to 1, but it did not attain that 
value. In Experiments 5 to 8 of Table VI, the effect of Mn++ upon the 
reaction has been studied with a carboxylase which had been treated with 
IRC-50 resin after dialysis in order to remove metal ions more effectively. 
In the absence of Mn++ the rather surprising finding was made that, al- 
though PEP formation was essentially prevented, as might be expected in 
a Mnt+-requiring reaction, the decarboxylation in the presence of ITP 
occurred at a much higher rate than in the presence of Mn++. The con- 
trols for CO2 production were vessels containing all the components except 
ITP. As will be seen in Fig. 2, Mn*+ is necessary for the synthesis of OAA 
from PEP, NaHCO;, and IDP, and previously it has been shown (5) that 
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Mn** is necessary for the exchange incorporation of C“O, into OAA. 
Since the decarboxylation of OAA by ITP in the absence of Mn++ does not 
remove the ITP (Table VI), the greater rate of decarboxylation in the 
absence of Mn** may be an indirect effect, since the original concentration 
of ITP was maintained throughout the experimental period. On the basis 
of purification studies not presented here, this partial reaction seems to be 
closely associated with other aspects of carboxylase activity and may pro- 
vide a clue to the sequence of events in the carboxylase reaction. 

Identification of PEP—In the foregoing experiments PEP was deter- 
mined only as the hypoiodite-labile phosphorus, and it seemed desirable to 
identify the product more definitively. Accordingly, a series of six Warburg 
vessels was set up as described in Experiment 2 of Table VI. After 20 
minutes incubation at 30°, the contents of the vessels were pooled and the 
reaction stopped by heating briefly. While still warm, the pH was ad- 
justed to about 4.5 by the addition of HCl, and the solution was allowed to 
stand for 1 hour to destroy most of the residual OAA which interferes some- 
what with the succeeding chromatographic steps. The protein was centri- 
fuged and an aliquot removed for phosphate analyses. The remainder 
was placed on a Dowex 1 (chloride form) column and the column eluted 
successively with 0.003 n HCl! and 0.01 n HCI-0.2 m NaCl. The PEP band 
eluted by the latter solvent was collected and the PEP precipitated at pH 
8.0 by the addition of barium acetate and ethyl alcohol. The precipitate 
was dried, reconverted to the sodium salt, and an aliquot removed for phos- 
phate analyses. A portion of the remainder was chromatographed on 
Whatman No. | filter paper with a propionic acid-n-butanol-water mixture 
(22) with control spots of PEP, inorganic phosphate, and ITP. After 19 
hours, a portion of the descending chromatogram was treated successively 
with ammonium molybdate in HNO; (dried in oven at 70°), benzidine, and 
saturated Na acetate to determine the location of the inorganic and easily 
acid-hydrolyzable phosphorus compounds (22). Two closely spaced spots 
corresponding to inorganic phosphate and PEP were located in this manner. 
Horizontal strips corresponding to the two spots were cut from the chro- 
matogram, extracted with water, and analyzed for inorganic and hypoiodite 
phosphorus, and for PEP by the enzymatic test with pyruvic phospho- 
kinase (20). 

A summary of the results of this experiment is shown in Table VII, in 
which all values are expressed on a comparable basis. It can be seen that 
out of 6.3 um of PEP present in the reaction mixture 4.2 um were recovered 
as the Ba salt after chromatography on Dowex 1. Since the Ba precipita- 
tion of PEP is not quantitative at the low concentrations involved, some 
loss is inevitable. On further chromatography on paper, 2.9 um were re- 
covered according to phosphate analyses or 3.5 um according to enzymatic 
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assays. The decrease in PEP during this step can be attributed to hy- 
drolysis, and this is confirmed by the increase in the inorganic phosphate 
fraction. It will be noted that the two spots are cross-contaminated. If 
the opportunities for loss or destruction of PEP during handling are taken 
into account, the recovery of approximately 50 per cent of the hypoiodite- 
labile phosphorus after two rather specific chromatographic procedures and 
a specific enzymatic assay indicates that the hypoiodite phosphorus repre- 
sents PEP, at least in the main. The experiment demonstrates the forma- 
tion of PEP as a major product of ITP and OAA interaction. 
Spectrophotometric Studies with OAA Carboxylase—By coupling the syn- 
thesis of OAA by the carboxylase (Equation 1) with the further action of 


Taste VII 
Identification of PEP Formed from OAA and ITP 

















Analyses, um per 6 ml. 
Description ae ee PEP 
Inorganic P Mypgodis ae 
assay 
Reaction filtrate.............. 5 | 11.4 6.3 
Ba ppt. from Dowex 1 column.............. ‘retin 2.6 4.2 
Spot A from paper chromatogram, Rr = 0.1... | 34 0.7 1.1 
“cc B ae “cc cc “cc 0 16 0.6 2.2 : 
MSc hiveswdse. eee tec See 2.9 | 3.5 





For explanation, see the text. 


malic dehydrogenase, it was possible to measure the carboxylase activity 
spectrophotometrically by following the oxidation of DPNH (Equation 4). 


malic 





OAA + DPNE —— malate + DPN (4) 
dehydrogenase 

The effects of the order of addition and the omission of certain compo- 
nents upon the assay are shown in Fig. 1. In each case the reaction was 
started at zero time by the addition of PEP to the cuvette which already 
contained carboxylase, malic dehydrogenase, Mn++, and buffer, unless 
otherwise indicated. There is an initial oxidation of DPNH after the 
addition of PEP, presumably because of the presence of small amounts of 
pyruvate in the ester. The pyruvate is reduced by lactic dehydrogenase 
which is present as a contaminant in the carboxylase (3), but this reaction 
levels off as equilibrium is established. In Curves A and B, IDP was 
added at 7 minutes with no appreciable change in rate. The addition of 
NaHCO; as the final component needed to complete the system then 
caused a rapid and linear oxidation of DPNH in Curve B. Although some 
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malic dehydrogenase is known to be present in the carboxylase (3), as 
shown by the activity in Curve A, the presence of further dehydrogenase 
greatly increases the rate (Curve B). In Curves C and D the order of 
additions was reversed, IDP being added last. No change in the oxida- 
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Fig. 1. Influence of NaHCO;, IDP, and malic dehydrogenase upon the synthesis 
of malate by OAA carboxylase. Each cuvette contained the following materials in 
a total volume of 3.0 ml. unless omission is indicated: 400 y of carboxylase protein 
(specific activity, 43), 2 um of MnCl», 0.8 unit of malic dehydrogenase, 1 um of PEP, 
1pm of IDP, 50 um of NaHCO; (pH 7.4), 150 um of K phosphate (pH 7.4), and DPNH 
asindicated. The reaction was started by adding PEP, and other additions followed 
as indicated on the various curves. Temperature 25°. 


tion rate occurred in Curve D until the IDP was present. The lack of 
activity when carboxylase is omitted is shown in Curve C. 

In Fig. 2, Curves A and B demonstrate the necessity for Mn*+* and PEP 
as reaction components. In experiments not shown here it has been found 
that Mg++ cannot replace Mn++ in this reaction, but that Mg** has little 
inhibitory effect on the Mn*++-catalyzed reaction. Curve C shows that 
IMP cannot replace IDP as the phosphate acceptor in the OAA synthesis 
reaction and that it acts as an inhibitor for IDP. Curve D represents the 
control curve with IDP alone. 
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Fig. 3 represents studies on compounds of the adenylic acid series in the 
same assay system. Curve B shows that ADP has little or no activity 
when compared with IDP at a similar concentration (Curve A) and that 
ADP or some product formed from it (AMP, ATP) inhibits added IDP, 
The inhibitory effects of AMP and ATP upon the reaction with IDP are 
shown in Curves C and D, respectively. Fig. 3 demonstrates the very low 
activity of chromatographically pure ADP with the carboxylase and is ip 
confirmation of the earlier demonstration that the ADP and ATP haye 
little or no direct activity with OAA carboxylase (4). It is not possible to 
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Fig. 2. Influence of PEP, Mn*+, and IMP on the synthesis of malate by OAA 
carboxylase. Additions and conditions as in Fig. 1 except that 1 um of IMP was 
added in Curve C. Curve D represents the control for Curve C. 


conclude, however, that ADP is completely inactive, especially since 
myokinase can form AMP and ATP from the added ADP and both of the 
formed substances are quite inhibitory with IDP and very likely with 
ADP also. It is interesting to recall that myokinase has been reported not 
to act on the IDP system (23), a finding which is confirmed in Tables VIII 
and X. 

The spectrophotometric studies demonstrate the necessity for all of the 
components of the OAA carboxylase system, and in addition this method 
provides a rapid and convenient assay for that enzyme. 

Balance Studies—In an effort to substantiate further the proposed mech- 
anism of OAA carboxylase and especially to study the changes in IDP and 
ITP by chromatographic means, certain balance studies were carried out 
with the most highly purified carboxylase yet obtained (Fraction FA-2). 
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Table VIII presents such a study on the apparent equilibrium reached 
in the OAA carboxylase reaction starting with PEP, IDP, and NaHCO. 
0AA and PEP were measured in the usual way by calculation from the 
C40. incorporated and the hypoiodite-labile P, respectively, while IMP, 
[DP, and ITP were measured chromatographically as described previously 
(4). In the lower part of Table VIII, the amount of OAA formed in vari- 
ous incubation times is shown to demonstrate that equilibrium probably 
has been reached. It will be noted that the maximal amount of OAA was 
observed at 15 to 20 minutes. The decrease with further incubation may 
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2 4 6 8 0 2 14 6 6 20 22 
TIME — MINUTES 
Fic. 3. Activity of ATP, ADP, and AMP in the synthesis of malate by OAA car- 
boxylase. Additions and conditions as in Fig. 1 except that IDP was omitted unless 
indicated on the graph. The following amounts of other substances were added 
where indicated: 1 um of ADP, 2 um of AMP, 1.3 um of ATP. 


be due to non-enzymatic decarboxylation or to enzymatic decarboxylation 
to pyruvate, as described in Table VI. Some decarboxylation undoubtedly 
occurs from the beginning, and hence the OAA values are always somewhat 
low. On the basis of similar results, 20 minutes was chosen as the incuba- 
tion period and Experiments 1 and 2 of Table VIII show changes in the 
various components during this time. The results indicate that the dis- 
appearance of IDP and PEP and the formation of OAA and ITP are of the 
same order of magnitude. The OAA value is probably a little low for the 
reasons mentioned above. 

In Table IX a balance study of the formation of malate from PEP, IDP, 
and NaHCO, is presented. Here DPNH and malic dehydrogenase were 
added to convert the OAA formed to malate. In addition to the usual zero 
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time control an additional vessel without IDP was incubated for 40 mip. { that I 
utes along with the experimental vessel. Malate formation was calculated | The 3 
from the total amount of C™O; fixed in a heat-stable form. DPNH utiliza. } which 
tion was measured spectrophotometrically at 340 mu. The results show — phosp 
this p 
TaBLe VIII occur 
Measurements of OAA Synthesis from PEP, IDP, and NaHCO; at Apparent At 
Equilibrium differe 
| Values per vessel x meast 
Experiment Incubation a a : 
No. time OAA | | l Ge. 
synthesized ITP IDP | IMP PEP 
| min. pM uM 7 pM ¥ uM ‘2 uM as 
| | 
2 0 | oO 0.02 | 1.10 | 0.19 | = 1.65 
1 | 20 | «40.088 | (0.14 | 0.98 | 0.20 1.50 Experi 
A | 0.088 | +0.12 | —0.12 | +0.01 | 0.15 No 
OAA Formation with Varying Incubation Time 
< or v1 i eee eo —" 1 
III 6 5 caceendvbuenccupaidek 10 | 15 20 | 30 2 
ME FO aa a owe = ieeianiansine - A 
OAR formed, mM... ..026.55.... 0.073 0.094 0.088 0.064 Maes 
PA SO ee a ee en ee ae . ee 3 
Each Warburg vessel contained, in a total volume of 1.0 ml., in addition to the 4 
above components, 300 y of carboxylase protein (specific activity, 43) pretreated with A 
Dowex 1 to remove inorganic P, 2 mg. of albumin, 2 um of MnCl, 50 uM of acetate aay 
(pH 5.0), and 100 um of NaHC“O;. Temperature 30°; pH 7.6. ‘ 
addit 
TaBLe IX (spec 
Balance Studies on Malate Formation from PEP, NaHCO;, and IDP MaC 
ee — _ _——_[—_$—$$—————— a + 
| | Values per vessel 
Experiment No. er ow ae Vs r ee 7 as whi 
Inorganic 1 7 
Pp PEP | Malate IDP | ITP DPNH corr 
| min. uM uM uM pM | pM = A frac 
1. Complete oe 2.72 | 1.09 0 1.12} 0.11] 0.91 gray 
2. IDP omitted | 40 2.76 | 1.09 | 0.001 | 0.72 dec! 
3. Complete | 40 2.93 | 0.30) 0.54) 0.68 | 0.52} 0.21 | par, 
A* +0.17 | —0.79 | +0.54 | —0.44 | +0.41 | —0.51 7 
Each vessel contained, in addition to the above components, 800 7 of dialyzed wit 


carboxylase protein (specific activity, 43), 6 um of MnCle, 0.8 unit (1 unit = 1 uM of 
DPNH reoxidized per minute in the presence of OAA) of malic dehydrogenase, 50 
um of acetate buffer (pH 5.0), and 100 um of NaHC™O;, in a total volume of 3.0 ‘ 
ml. Temperature 30°. 


. 7 oes P one 
* Experiment 2 used as control for DPNH utilization and for phosphate deter- d 
minations. adc 
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that IDP, DPNH, and PEP were utilized and malate and ITP formed. 
The amounts are approximately equivalent except for PEP utilization, 
which is somewhat too large. The corresponding increase in inorganic 
phosphate suggests that hydrolysis has occurred. It will be noted that 
this production of inorganic phosphate or disappearance of PEP did not 
occur in the absence of IDP. 

A balance study of the decarboxylation reaction as carried out at two 
different pH levels is reported in Table X. The various components were 
measured as described for Tables VIII and IX. In this experiment, in 


TABLE X 
Balance Studies of Decarborylation of OAA in Presence of ITP 









































A | 0 


—0.14 +1. 61) —1. 55/+1. 49|—1.42 


Values per vessel 
- | Incuba- - i ctailaliel 
= tion. Buffer Sane | | | — 
No. | time ganic IMP | IpP | ITP | PEP labile | CO: 
| | 
min. uM | uM | uM | uM uM um | BM 
1 20 | Succinate, pH 6.0 3.82) 1.05) 2. 54, 0. 29) 1.42} 3.25) 2.55 
2 0 3. 75) 0. 82) 0. 93) 1.78) 0 4.68) 0 
A +0. 07 \+0. 23)+-1. 61) —1.49 +1. 42|—1.43)+2.55 
3 20 | Bicarbonate, pH 7.6 | 3. £2 0.92 2.53 0.27| 1.49) 3.44 
4 0 3.82) & 06) 0.92) 1.82) 0 4.86 
*. 


Each Warburg vessel contained, in a total | volume of 2.0 ml., the following in 
addition to components listed in the table, 600 y of dialyzed earboxy lase protein 
(specific activity, 43), also treated with IRC-50 resin, 2 mg. of albumin, 4 um of 
MnCl:, 40 um of OAA, 100 um of succinate or bicarbonate buffer. Incubated at 30°. 

* Corrected for PEP hydrolysis. 


which carboxylase with a very low enolase content was employed, the 
correspondence between PEP formed and the changes in the nucleotide 
fractions is much better than in earlier experiments. The chromato- 
graphic analyses clearly show the formation of IDP, with an equivalent 
decrease in ITP. The decrease in acid-hydrolyzable phosphate is com- 
parable, while negligible changes occurred in inorganic P and IMP. 

The three balance studies just described seem to be in good agreement 
with the reaction mechanism postulated in Equation 1. 


DISCUSSION 


The mechanism of OAA carboxylase action elaborated here is an over-all 
one. Since the reaction requires that both a phosphate transfer and the 
addition or removal of CO, occur, it is apparent that the process may pro- 
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ceed stepwise through one or more intermediates, with the involvement of 
two or more enzymes or two sites of action on one protein moiety. The 
available evidence, which is by no means conclusive, would favor a phos. 
phate transfer at the 4-carbon stage rather than at the 3-carbon level, 
For example, if phosphate transfer from ITP during the decarboxylation 
reaction occurred after the formation of a compound at the pyruvate level, 
it would seem probable that CO. could exchange in the absence of ITP, 
and this is not the case. Bandurski et al. (24, 25) have reported that 
preparation obtained from spinach leaves fixes C“O, in an Al*+++-labile 
form, starting from PEP and NaHCO;. The addition of ADP had no in- 
fluence on the reaction. They suggest that phosphoenol OAA is the com- 
pound formed. The experiments in the present study run under compara- 
ble conditions show that chicken liver carboxylase fixes no C“O, unless 
ADP or IDP is present (see Table I). If such an OAA intermediate plays 
a réle here, it neither accumulates nor is further converted to OAA by de- 
phosphorylation, since in either instance it should be detected as Al*++-. 
labile C“O». Previously it has been reported (26) that some derivative of 
OAA more stable than the free acid accumulates in the exchange reaction 
and that this derivative contains a disproportionately large share of the 
fixed C“O.. The present studies supply no evidence related to this point, 
but do not exclude the participation of such a compound in the reaction. 

Although the carboxylase used in these experiments contains certain 
contaminating enzymes, a calculation of the apparent equilibrium constant 
of the reaction can be made from the data in Table VIII. The greatest 
uncertainty lies in the lack of knowledge concerning the species of CO, 
active in the reaction; for that reason separate calculations have been made 
with CO, and HCO; as the active form. The equations along with the 
calculated equilibrium constants are shown below. 


PEP* + IDP* + CO. = OAA? + ITP*; Keg. = 2.69; AF = —589 calories (5) 
PEP* + IDP* + H* + HCO;- 2 OAA® + ITP*- + H.O; (6) 
Keg. = 5.86 X 106; AF = —9270 calories 


It will be noted that it is necessary to introduce H* in the equation when 

HCO;- is considered as the active form, thus making the A... very large. 

The AF calculated in Equation 6 is in agreement for this type of calculation 

in the literature for the two component reactions (Equations 7 and 8) in 
PEP* + ADP* + H* 2 pyruvate~ + ATP*; AF = —14,500 calories (27) (7) 
Pyruvate” + HCO;- = OAA*® + H:20; AF = 5300 (28) or 6400 calories (27) (8) 
Sum. PEP? + ADP* + Ht + HCO;- = OAA? + ATP* + HO; 


AF = —9200 or — 8100 calories 
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which ATP and ADP are substituted for their inosinic counterparts. The 
calculations for the pyruvie phosphokinase reaction (Equation 7) take into 
account the H+, although the original calculations on the K,.g. did not 
consider this factor (29). 

The finding of PEP formation from OAA may explain the earlier work of 
Kalckar, who reported the accumulation of PEP during the oxidation of 
malate by kidney preparations (30). This work led to speculation con- 
cerning the importance of a dicarboxylic acid pathway in the formation of 
phosphoenolpyruvate from pyruvate (31), but the findings of Lardy and 
Ziegler (32) and Meyerhof and Oesper (29) that the pyruvic phosphokinase 

Pyruvate + HCO; ¢ 


TPNH, Oxalosuccinate 







tIsocitric 





"Malic" Enzyme | Dehydrogenase 
. 
F se ‘ 
ara 
Fumarate qusneene Malate TPN Isocitrate 
DPN 
Malic Dehydrogenase 
OAA + DPNH 
ATP Electron Carriers 
OAA Carboxylase 1/2 O, 

PEP + ADP DPN + H,0 


DIAGRAM 1. Possible mechanism of phosphoenolpyruvate synthesis 


reaction was reversible caused attention to be centered on the latter re- 
action as the primary pathway for PEP synthesis. It should be noted, 
however, that the equilibrium is far to the right (Equation 7). The present 
data suggest another mechanism for PEP synthesis from pyruvate (Di- 
agram 1) which would seem to have certain thermodynamic advantages and 
also is in accord with the findings of Shreeve (33), who reported that the 
hexose unit of glycogen formed by liver slices from 2-C'-pyruvate contains 
C in almost equal amounts in the 1, 2, 5, and 6 positions, while acety] 
groups formed from the pyruvate show no such randomization. 

In the hypothetical scheme presented in Diagram 1, the combined action 
of “malic”? enzyme, malic dehydrogenase, and OAA carboxylase leads to 
the formation of PEP from pyruvate and ATP. The necessary energy is 
obtained from the oxidation of TPNH by way of DPNH, and this process 
should also serve to pull the reaction toward PEP. Equilibration of malate 
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with fumarate through fumarase action could explain the randomization of 
2-C'4-pyruvate observed by Shreeve. 


. ie oan 2 . Utte 
The physiological significance of ITP and IDP is obscure at present (4), 4 Utt 
We have noted in experiments not presented here that IDP is much less | 3. Utt: 


active than ADP in the pyruvic phosphokinase reaction. It seems likely f 4. Utt 
that OAA synthesis would proceed much more readily with IDP than with | 5 Ut 
ADP in the presence of the pyruvic phosphokinase in liver, since the latter | * = 
reaction would compete for both the ADP and PEP. The importance of | “ - 
the IDP mechanism will await the analysis for IDP and ITP content of | g. Bae 
liver and other tissues that exhibit the carboxylase reaction and upon the | 9. Loh 
definitive demonstration of mechanisms for formation of either or both of | 10: Mu 
these compounds from ATP, ADP, IMP, or other substances already . ~*~ 
known to be present in these tissues. 13. Utt 
It has been shown previously (5, 34) that C'-pyruvate can exchange 
with OAA under the influence of certain protein fractions obtained from | 14. Ka’ 
pigeon liver. The relationship of this reaction to the carboxylase mech- | 5 K® 
anism is not clear, but may be concerned with the action of pyruvic phos- . a 
phokinase, which could exchange pyruvate with PEP and hence lead to the 18, Ca 
introduction of pyruvate into OAA. 19. Ste 
The mechanism of OAA carboxylase action discussed in this paper does | 2. Ko 
not seem to apply to the CO.-fixing system of Micrococcus lysodeikticus, | ™- V* 
No net synthesis of OAA can be demonstrated from PEP, IDP, and aa 


NaHC"0O; by either the C“O, technique or spectrophotometric means. 8. Kl 
4. Ba 

SUMMARY 9. Be 

With a partially purified preparation of OAA carboxylase, the net syn- | %- U' 
thesis of OAA has been accomplished, starting from PEP, IDP (or ADP), Z 
and NaHCO;. No synthesis occurs in the absence of a phosphate acceptor. | 9 


The rate of synthesis is enhanced by (1) the addition of hexokinase and 30. K 
‘ glucose to remove ITP (or ATP) and (2) the addition of malic dehydro- | 31. Li 
genase and DPNH to remove OAA. With the latter system, the reaction | ® © 
can be followed spectrophotometrically by observing the oxidation of oe 
DPNH. - 
The same preparation forms PEP, IDP (or ADP), and CO» from OAA 
and ITP (or ATP), indicating a freely reversible reaction. 
The above reaction has been discussed with regard to its equilibrium 
constant and its possible relationship to glycogen formation. 


The authors were aided by the excellent technical assistance of Miss 
Audrey Diehl in carrying out many of these experiments. 


3’ Personal communication from Dr. David Cohn. 
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METABOLISM OF CHOLESTEROL BY INTESTINAL BACTERIA 
IN VITRO* 


By ELSIE WAINFAN,{t GINETTE HENKIN, SYDNEY C. RITTENBERG, 
AND WALTER MARX 
(From the Department of Biochemistry and Nutrition, School of Medicine, the Depart- 
ment of Bacteriology, and the Laboratories of the Allan Hancock Foundation, 
University of Southern California, Los Angeles, California) 


(Received for publication, October 22, 1953) 


It was recently shown in this laboratory, in agreement with earlier obser- 
vations (1-3), that significant amounts of cholesterol were destroyed when 
mice were fed a diet high in cholesterol. When, however, the intestinal flora 
of the mice was modified by adding sulfasuxidine and streptomycin to the 
diet, practically all the cholesterol fed was recovered in the excreta and car- 
eass (4, 5). These data were interpreted as indicating that bacteria can 
play a réle in the disposal of cholesterol in the animal body. Such an inter- 
pretation is in agreement, not only with earlier suggestions (6, 7), but also 
with experimental findings demonstrating that a number of bacterial species 
can utilize cholesterol (8-14). This concept is not generally accepted, how- 
ever, and several authors have stated that intestinal bacteria do not play a 
significant réle in the metabolism of cholesterol in mammals (2, 15). 

The experiments reported below were carried out to study this question 
further. The results obtained indicate that several strains of bacteria iso- 
lated from rat feces and intestinal contents can utilize cholesterol in vitro. 


EXPERIMENTAL 


Incubation of Feces and Intestinal Contents in Vitro—Feces and intestinal 
contents were obtained from male and female rats of the University of 
Southern California strain, which had been fed a diet containing 1.5 per cent 
cholesterol and 0.5 per cent ox bile! for about 1 year. Samples were homog- 


* This investigation was supported in part by research grants (No. H-368 and No. 
H-1162) from the National Heart Institute, National Institutes of Health, United 
States Public Health Service. 

Presented in part at the Pacific Slope Biochemical Conference, Berkeley, Cali- 
fornia, October 11, 1952, and at the 123rd meeting of the American Chemical Society, 
Los Angeles, California, March 15-19, 1953. 

+ Predoctoral Research Fellow of the United States Public Health Service. 

11 kilo of diet consisted of 15 gm. of cholesterol, 70 gm. of cottonseed oil, 335 gm. 
of ground oats, 333 gm. of whole wheat flour, 150 gm. of skim milk powder, 40 gm. 
of alfalfa, 20 gm. of dried yeast, 20 gm. of fortified oil containing 6240 U.S. P. units 
of vitamin A and 1000 U.S. P. units of vitamin D, 5 gm. of extract of ox bile, U. 8. P., 
5 gm. of NaCl, and 5 gm. of CaCOQs. 
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enized with a glass rod in a mineral salt solution, prepared according to 
Turfitt (Salt Solution T) (8),? until a uniform mixture of a consistency suit. 
able for pipetting was obtained. These homogenates contained appreciable 
amounts of cholesterol. The catabolism of this sterol was determined jn 
incubation experiments. Aliquots inactivated immediately after prepa. 
ration, either by autoclaving or by adding alcohol to a concentration of 6 
per cent (by volume), served as controls. 

Experimental and control samples were incubated at 31-35° for 2 to 14 
days; they were then hydrolyzed with 15 per cent (weight per volume) 
NaOH, and the cholesterol was extracted and determined by means of a 
Schoenheimer-Sperry procedure (16), modified as described previously (5), 
Although this method is not entirely specific for cholesterol, the values ob- 
tained are usually considered to exclude saturated sterols such as coprosterol 
and dihydrocholesterol. Whether or not other sterols giving a positive Lie- 
bermann-Burchard test were present was not further investigated. 

Isolation of Cholesterol-Utilizing Bacteria from Feces—Tubes of medium 
were prepared by adding 0.5 mg. of cholesterol dissolved in acetone or 
chloroform to each tube. The solvent was evaporated in a stream of air, 
and then 5 ml. of Salt Solution T were added. The tubes were plugged with 
cotton and autoclaved for 15 minutes at 15 pounds pressure. 

A tube of medium was inoculated with a loopful of feces from a cho- 
lesterol-fed rat and then incubated at 31-35° until turbidity developed; this 
usually required a period of 3 to 10 days. Transfers were then made toa 
second tube of the same medium, or, in some cases, the same medium for- 
tified with 0.2 per cent of glucose or of Difco yeast extract. This second 
tube in turn was incubated until turbidity appeared, and the procedure was 
repeated several times. Finally, a loopful from the last of these serial trans- 
fers was aseptically streaked out on nutrient agar enriched with 1 per cent 
yeast extract. Single colonies were picked and the isolated cultures trans- 
‘ ferred to nutrient agar slants. The homogeneity of the isolated cultures 
was checked by appropriate methods. 

Oxidation of Cholesterol by Resting Cell Suspensions of Aerobacter aerogenes 
and Pseudomonas jaegeri—Cells were grown on a solid medium consisting 
either of Difco nutrient agar, diluted 1:1 with 1 per cent agar in Salt So- 
lution T, or of 2 per cent agar, and 0.2 per cent yeast extract in Salt Solution 
T. An aqueous suspension of colloidal cholesterol was added to the auto- 
claved agar medium before it solidified, to give a final concentration of 0.1 
mg. per ml. The colloidal cholesterol was prepared by slowly dripping an 
acetone solution of cholesterol into water at 70° while stirring. In later ex- 


2 The salt solution according to Turfitt contains 1 gm. of NH,NOs, 0.2 gm. of 
KH2P0O,, 0.005 gm. of NaCl, 1 mg. of FeSO,-7H.O, 0.125 gm. of MgSO,, made up to 
1 liter with distilled water; pH adjusted to 6.5 with 0.05 m NasHPO, and 1 n NaOH. 
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periments, the procedure was carried out under nitrogen, to prevent possible 
autoxidation of the colloidal cholesterol (17). Residual acetone was re- 
moved under reduced pressure. In spite of all efforts to standardize con- 
ditions, it was found that the response of the cells to different cholesterol 
suspensions varied, even when the same batch of cells was used. This may 
possibly have been due to differences in the size of the colloidal particles. 
The variation was probably not caused by traces of residual acetone, since 
it was observed that the respiration of these cells in the presence or absence 
of glucose was not significantly modified by minute quantities of acetone. 

After 1 to 4 days incubation, the culture was harvested and washed three 
times with 0.05 m phosphate buffer, pH 6.5 or 7.0. The cells were sus- 
pended in the same buffer to give a turbidity corresponding to a dry weight 
of cells of 0.7 to 1.7 mg. per ml. In some of the experiments, dried cells 
were used; they were prepared by harvesting in distilled water, washing 
once and then drying slowly at reduced pressure over CaCl.; they were then 
stored in the refrigerator in an evacuated desiccator containing CaCl,. Be- 
fore use these cells were resuspended in 0.05 m phosphate buffer. 

The cell suspensions were placed in the main compartments of Warburg 
vessels in a water bath at 35°. After equilibration, colloidal cholesterol was 
tipped in from the side arm, and the rate of oxygen consumption was meas- 
ured. Ina number of experiments, the flask contents were analyzed at the 
end of the run for total cholesterol as described above, with uninoculated 
tubes, or samples withdrawn at zero time, as controls. 


RESULTS AND DISCUSSION 


The results of the experiments on the incubation of feces and intestinal 
contents of cholesterol-fed rats are summarized in Table I. It is seen that 
incubation in the milieu containing the mixed flora of the lower intestine 
resulted in a significant decrease in the total cholesterol present; the sterol 
was either destroyed or chemically so modified that it was not detected by 
the procedure mentioned above. These results are in agreement with ear- 
lier observations (18-20). 

Furthermore, from the feces of these rats fifteen pure cultures which could 
metabolize cholesterol were isolated. ‘The two bacteria with the highest 
cholesterol-metabolizing potency were identified as A. aerogenes and P. 
jaegeri2 It should be noted that the former is so ubiquitous an intestinal 
inhabitant in mammals that its presence in water or other materials is re- 
garded as evidence of fecal contamination. The other organisms isolated 
were not further identified, but it was apparent that at least seven grossly 
different types were represented. 


3 We wish to thank Mr. Leonard Katz of the Department of Bacteriology, Uni- 
versity of Southern California, for the identification of these organisms. 
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In order to gain some insight into the mechanisms by which cholesterol 
is metabolized, the oxidation of the sterol was studied in respiration experi- 
ments with resting cell suspensions of both A. aerogenes and P. jaegeri. 

When colloidal cholesterol was presented to resting cells of either of these 
bacteria as the sole carbon source, an immediate and significant increase in 
oxygen consumption was found in almost every case (Table IT). That the 
observed increase in oxygen uptake was due to oxidation of cholesterol, and 
not to stimulation of autorespiration, was shown by chemical determination 


TABLE I 


Effect of Incubation on Total Cholesterol Content of Feces and Intestinal Contents of 
Cholesterol-Fed Rats 





Total cholesterol found | 


Sample No.of samples} _;Petiad of —| Sea 
Mean | Range | 
days mg. meg. per cent 
Feces | | | | 
Control | 3 5 5.3 | 4.8-5.5 | 
Experimental 2 2 2.7 | 2.4-2.9 | 50 
- | 2 5 2.5 | 2.5-2.5 | 53 
situa 2 2 3.4 | 3.1-8.7 | 37 
oe | 3 5 3.2 | 3.0-3.4 | 39 
Control zz . 14 4.7 | 3.9-5.5 | 
Experimental | 3 14 2.9 | 2.5-3.3 | 38 
Intestinal contents | 
Control 3 2 4.1 4.1-4.1 
Experimental 4 2 3.3 3.1-3.8 20 
Control 7 6 5.3 4.4-5.8 
Experimental 4 6 3.9 3.64.1 26 
a 3 6 3.3 3.0-3.9 | 38 





* m/150 phosphate buffer, pH 7.1, instead of Salt Solution T. 
+t Acetone powder of intestinal wall added. 


of residual cholesterol at the end of some of these experiments. Disappear- 
ance of up to 80 per cent of the added cholesterol was found in some in- 
stances. 

The respiration experiments were then repeated, with the addition of 
several substances known to modify respiration. Nicotinamide had prae- 
tically no effect on the oxygen uptake of fresh cell suspensions in the absence 
of additional substrate, but in the presence of cholesterol it stimulated res- 
piration significantly (Table III). The adjuvant was ineffective, however, 
towards dried cells which had been stored in the cold for several days, al- 
though these cells still retained the ability to oxidize cholesterol. This 
observation brings to mind the possibility that, in the living cell, nicotin- 
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amide may be incorporated into a voenzyme which is active in cholesterol 
oxidation, and that this coenzyme-forming system may be more sensitive 
to drying or aging than the cholesterol-oxidizing system. 
2,4-Dinitrophenol, at concentrations below 0.2 um per ml., consistently 
caused a stimulation of the rate of cholesterol oxidation by both the Aero- 
bacter (Table III) and the Pseudomonas (not shown) under study. The 
magnitude of the effect was found to be related to the number of viable cells 
in the cell suspension, as determined by quantitative plating of serial di- 


TaBLe II 
Oxidation of Cholesterol by Resting Cells of A. aerogenes and P. jaegeri Isolated from 




















Rat Feces 
A. aerogenes P. jacgeri 
| 
| Sn | = || Se) 
mg. per ml. pl. per hr. per mg. | mg. per ml. pl. per hr. per mg. 
1 0.33 12.1 5 0.5 7.8 
0 0 0 4.4 
: 0.17 16.7 6 0.5 6.3 
| oO 4.1 | 0.25 | 25.0 
3 0.23 38.0 0 4.7 
0.12 30.0 7 0.17 | 16.0 
0 4.2 1 | 4.5 
4 0.75 71.0 8 0.75 33.0 
0.38 66.0 0.38 30.0 
0 0 0 4.5 





Each flask contained cells suspended in 1.0 ml. of 0.05 m phosphate buffer, pH 6.5. 
Final volume in main compartment, 2.0 ml. The center well contained 0.1 ml. of 20 
per cent (weight per volume) KOH and a fluted filter paper. Incubation carried 
out in air at 35°. 


lutions of the cell suspension used. Dinitrophenol has been shown to stim- 
ulate oxidation of a number of substances by bacteria (21,22). It has been 
proposed (23) that it acts by stimulating adenosinetriphosphatase and 
thereby preventing energy transfer required for assimilation. 

The findings indicate that a number of intestinal or fecal bacteria ob- 
tained from cholesterol-fed rats can metabolize cholesterol in vitro. Re- 
sults along similar lines were reported by Schatz and coworkers, using an 
unidentified bacterium isolated from rabbit droppings (10), and by Curran 
and Brewster, with an Escherichia coli obtained from human duodenal 
drainage fluid (13). The possibility has to be considered that a similar re- 
action may occur in the living animal and that it may be one of the mecha- 
nisms available for the disposal of this sterol. Such an interpretation would 
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be in agreement with our own previous ubservations (4, 5) and with sugges. 
tions made by earlier investigators (6, 7). 


TABLE III 


Influence of Nicotinamide and of 2,4-Dinitrophenol on Oxidation of Cholesterol by 
Resting Cells of A. aerogenes 





—— 
1 t 
Flask contents Os uptake shove 














. . ~ : autorespiratory control Cell preparation 
Cholesterol Nicotinamide | Dinitrophenol 
-— -— | uM —* per hr. - ‘a 
0.04 0 Fresh, wet 
0.5 | | 5.5 
0.5 | 0.04 11.5 
0.04 | 0 Aged, dried 
0.5 4.7 
0.5 0.04 4.2 
0.4 1.5 Fresh, wet 
0.5 5.5 
0.5 0.4 13.5 
0.2 0 
0.5 0.2 8.5 
0.12 0 
0.5 0.12 10.0 
0.4 6.0 Aged, dried 
0.5 6.0 
0.5 0.4 15.0 
0.2 0 Aged, dried 
0.5 5.0 
0.5 0.2 9.5 
0.2 0 Aged, dried 
0.5 1.0 
0.5 | 0.2 5.5 











Each flask contained cells suspended in 0.8 ml. of 0.05 m phosphate buffer, pH 7.0. 
Final volume in main compartment, 2.0 ml. The center well contained 0.1 ml. of 
20 per cent (weight per volume) KOH and fluted filter paper. Incubation carried 
out in air at 35°. 


SUMMARY 


1. It was shown that incubation in vitro of feces or intestinal contents of 
cholesterol-fed rats results in a significant decrease in total cholesterol con- 
tent. 


2. A number of microorganisms which can utilize cholesterol were iso- 
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lated in pure culture from the feces of cholesterol-fed rats. Two of the 
species most active in this respect were identified as Aerobacter aerogenes and 
Pseudomonas jaegeri. 

3. Respiration experiments indicated that addition of cholesterol to rest- 
ing cell suspensions of either of these two organisms resulted in an increase 
in the oxygen consumption. 

4. Incubation of resting cells of either of these organisms with cholesterol 
resulted in a decrease in the cholesterol content. 

5. Addition of either 2,4-dinitrophenol or nicotinamide significantly stim- 
ulated the oxidation of cholesterol by resting cell suspensions of A. aero- 
genes. 
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DIFFERENTIAL DETERMINATION OF PYRIDINE 
NUCLEOTIDES AND N'!-METHYLNIACINAMIDE 
IN BLOOD* 


By JEAN P. KRING anp J. N. WILLIAMS, Jr. 


(From the Department of Biochemistry, College of Agriculture, University 
of Wisconsin, Madison, Wisconsin) 


(Received for publication, November 19, 1953) 


The study of niacin and tryptophan metabolism in the animal body has 
been of interest to biochemists for many years. The variety of the meta- 
bolic end-products has necessitated the use of many analytical procedures 
for their determination. In many experiments in this laboratory as well 
as elsewhere, a need for a method for the simultaneous quantitative deter- 
mination of small amounts of pyridine nucleotides (PN) and N'-methyl- 
niacinamide (NMeN) in protein-containing biological materials has been 
indicated. The standard enzymatic assay for PN content of natural ma- 
terials (1), of course, allows no measure of NMeN. The widely used 
fluorometric method of Huff and Perlzweig (2) was first adapted to the 
analysis of NMeN in urine, but it has also been used for PN analysis in 
blood and other tissues (3, 4). However, both constituents, with no dif- 
ferentiation, are measured by this method. Both of the components to- 
gether are determined with the method developed by Feigelson, Williams, 
and Elvehjem (5) for assaying pyridine nucleotides in rat liver, but again 
without distinguishing between them. Carpenter and Kodicek (6) have 
published a procedure whereby the two components can be determined in 
urine. Their method consists of employing an ion exchange procedure to 
remove positively charged N MeN. 

In studies on the formation of pyridine nucleotides in animals injected 
or fed tryptophan and niacin, the question of whether the substances deter- 
mined were pyridine nucleotides, NMeN, or a combination of these me- 
tabolites has always existed. For that reason we have investigated the 
possibility of determining these substances differentially in small amounts 
of blood. Blood was chosen because of its ease of collection and because of 
its importance in clinical experiments. A method enabling this type of 
analysis has been developed and is reported in this paper. With slight 
modifications the method can probably be employed for liver and other 
organs. As an application of the procedure, values for the content of PN 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by a contract between the Regents of the 
University of Wisconsin and the Office of Naval Research, Washington, D. C. 
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and NMeN in the blood of rats which have received various dietary treat. 
ments are also presented. 


EXPERIMENTAL 


Since it was desired to combine the use of ion exchange techniques as 
proposed by Carpenter and Kodicek (6) with the sensitive fluorometric 
analysis for the separated pyridino compounds, the main concern was to 
find a suitable precipitant of blood proteins which would also give complete 
extraction of the metabolites in question. Of the various reagents tested, 
including tungstic acid, trichloroacetic acid, glacial acetic-metaphosphorie 
acid mixture, perchloric acid, and ethanol, only 75 per cent ethanol ap- 
peared satisfactory. All other precipitants employed interfered with either 
the ion exchange procedure or the fluorometric analysis. 

Reagents— 

Absolute ethanol. 

Hydrogen peroxide, 30 per cent. The peroxide served to oxidize the 
PN and NMeN, since the fluorometric method is not satisfactory for the 
reduced forms. 

Decalso, 60 to 80 mesh from The Permutit Company, New York. To 
100 gm. of Decalso were added 300 ml. of saturated NaCl solution. The 
resulting mixture was heated to 90-95° while being agitated with a me- 
chanical stirrer to prevent bumping. After a period of 30 minutes at this 
temperature, the mixture was allowed to settle and the supernatant liquid 
decanted. The entire procedure was repeated. The Decalso was then 
washed with 300 ml. portions of hot, distilled water (90°) until the super- 
natant fluid was free from chloride ion as shown by a silver nitrate test. 
The Decalso was dried overnight in a vacuum oven at 60° and was stored 
in a desiccator. The Decalso columns were prepared just before use as 
follows: A small glass wool plug was placed in the bottom of each of three 
Hennessy tubes (Wilkens-Anderson Company, Chicago). To each tube 
were added 200 mg. of Decalso. Another glass wool plug was placed on 
top of the column to prevent floating particles. 

Fluorometric assay reagents, as described by Huff and Perlzweig (2). 

Standards—PN (Schwarz Laboratories) and NMeN (Delta Chemical 
Works) were used as standards. Neutralized standard solutions were pre- 
pared at the time of each experiment. The final concentrations used in 
this procedure were 20 to 25 y of PN per ml. of standard solution and 4 to 
6 y of NMeN per ml. of standard solution. 

Procedure—The differential determination of the PN and NMeN content 
of blood was performed in the following manner. To three 15 ml. centri- 
fuge tubes, respectively, were added 0.75 ml. of water, 0.75 ml. of PN 
standard, and 0.75 ml. of NMeN standard. Into each tube were pipetted 
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925 ml. of absolute ethanol to give a final concentration of 75 per cent 
ethanol. To each of the three tubes was added 0.1 ml. of blood obtained 
either by heart puncture or directly from the tail of the rat. The pipette 
used to measure the blood was washed by drawing the alcohol mixture 
into the pipette and expelling it several times. After the addition of 
0.05 ml. of 30 per cent hydrogen peroxide to each tube, the contents were 
stirred thoroughly and allowed to stand for 25 minutes to obtain complete 
extraction of PN and NMeN. 

At this time, the precipitated protein of each sample was removed by 
centrifugation. Centrifuging was continued until clear supernatant solu- 
tions were obtained. The supernatant liquids were collected in graduated 
centrifuge tubes, and each of the protein mats was washed successively with 
1 and 2 ml. portions of water by resuspending the precipitates and re- 
centrifuging. This liquid was added to the corresponding original super- 
natant solutions, the total volume was read, and, after thorough mixing, 
3 ml. of each of the resulting fluids were placed on the Decalso columns. 
Portions of the original sample and the effluent were then used for analysis 
of the PN and NMeN content. 

Fluorometric Analysis—In each of two tubes was placed 1 ml. of each 
solution not treated with Decalso. 1 ml. portions of the corresponding 
treated solutions were added to two other tubes. One tube from each set 
of two tubes served as the blank. In the other tube the fluorescence of the 
PN and NMeN present was developed as described by Huff and Perlzweig 
(2). The only change which was made in their final assay procedure was 
to employ a blank containing acetone but no alkali, as discussed by Car- 
penter and Kodicek (6). The fluorescence which was developed was read 
in a Coleman fluorometer with the filters ordinarily employed for deter- 
mination of thiamine. 

When the blood samples were taken, duplicate samples were drawn for 
hemoglobin analysis by the oxyhemoglobin method (7). We have ex- 
pressed our values on the basis of hemoglobin content as well as per ml. of 
whole blood, since the red blood cells have been reported to contain all but 
a negligible amount of blood PN (8). 

Calculations—Calculations involve mainly a determination of the num- 
ber of divisions on the fluorometer scale equivalent to a known amount of 
standard. One can then calculate the amount of PN or NMeN in a 
sample in which the concentration of these materials is unknown. After 
correction for blanks all fluorometer readings were multiplied by the total 
volume of supernatant solution plus the washings. The number of fluo- 
rometer scale divisions equivalent to 1 y of standard was determined by 
subtracting the reading for blood alone from that for blood plus each added 
standard and dividing the resulting figure by the concentration of the 
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respective standards. This procedure was carried out for each sample and “ eek, th 
for its corresponding equivalent treated with Decalso. experime 
The fluorometer reading for blood alone after Decalso treatment was| For © 
divided by the number of fluorometer divisions per microgram of PN to| after the 
give the content of PN in 0.1 ml. of blood. The figure obtained by sub- of the bI 
tracting the reading for blood after Decalso treatment from the reading | change } 
before the Decalso treatment was divided by the number of fluorometer the cont 
divisions per microgram of NMeN to give the NMeN of 0.1 ml. of blood, | tha® 2" 
The values for PN and NMeN per ml. of blood divided by the hemoglobin | these & 
content per ml. of blood gave the concentration of these substances in | both ox 
micrograms per gm. of hemoglobin. was act 
A comparison of the fluorometer divisions per microgram of PN standard mediate 
before and after Decalso treatment was employed to indicate the percentage 
recovery of the added PN. Similarly, a comparison of the fluorometer 
readings before and after adsorption of the samples containing added — 
NMeN standard indicated whether the NMeN was completely removed — 
from the sample. | 


Group 

Application of Method—The method reported here for differentiation of a 
NMeN and PN in blood seems both reliable and reproducible. The re- | —\~ 
covery of added PN standard after Decalso treatment has averaged 984 | {| | 
+ 1.3 per cent! in 51 experiments by the procedure. II | 

The procedure has been applied to a determination of the PN and NMeN III | 
content of the blood of normal rats on a complete stock ration. The same IV 
rats were then fed a non-protein diet to deplete them of tissue pyridine *N 
nucleotides (9), and PN and NMeN were again determined. The defi- +T 
cient animals were then fed a supplement of niacin or tryptophan, and the tion. 
effect on the levels of PN and NMeN was observed. 

Adult, male, albino rats of the Sprague-Dawley strain weighing 200 to obsel 
250 gm. were used for these experiments. After determination of the PN niaci 
and NMeN content of the blood when the animals were receiving a good wher 
stock ration, they were fed a non-protein diet. The composition of the per § 
diet was 5 per cent corn oil, 4 per cent Salts 4 (10), 2 per cent vitamin mix as g 
containing all of the known vitamins except niacin (11), 1.5 per cent sul- 
fasuxidine to depress intestinal synthesis of niacin, and 87.5 per cent su- 
crose. The animals were housed in screen-bottomed cages and received | T 
water and food ad libitum. bett 

After 6 weeks on this diet, the blood of these rats was analyzed again in t 
for the amount of PN and NMeN present. At this time, they were divided in t 
into two groups of four animals each and were fed non-protein rations con- din 
taining either niacin (163 mg. per cent) or tryptophan (270 mg. per cent) | rep 
at equimolar levels. After the rats had received the supplements for | not 


1 Standard error of the mean. 
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week, the analyses were performed for a third time. The results of these 
experiments are presented in Table I. 

For comparison of the results for Groups I and II it may be seen that 
after the animals received a non-protein diet for 6 weeks the PN content 
of the blood was decreased to almost 50 per cent of normal. However, a 
change in the NMeN concentration was not apparent. These values for 
the content of PN in the blood of normal animals are somewhat higher 
than are those previously reported (8). The higher values obtained in 
these experiments are probably nearer the true values for blood PN, since 


| both oxidized and reduced PN were measured in these experiments. This 


was accomplished by the addition of the hydrogen peroxide which im- 
mediately oxidizes reduced PN. A similar increase in liver PN has been 


TaBLeE I 
Effects of Protein Deprivation and Subsequent Supplementation with Niacin and 
Tryptophan on PN and NMeN Content of Blood in Rats 





L |PN per gm. | nyfen* per NMeN per 


Gore) Ration = of ~*~ F yl dy =...% mi, blood Bm = 
7 | 7 7 Y 
I | Stock 14 | 109 | 755 |2.64(8)t| 19.2 
II | Non-protein =) om 457 | 2.12 | 16.4 
III | ” + niacin ef. 805 | 2.91 26.4 
IV x + tryptophan 4 | 67 | 583 |3.15 27.0 





* NMeN is expressed as N!-methylniacinamide hydrochloride. 
+t The figure in parentheses indicates the number of rats used for this determina- 
tion. 


observed by the addition of peroxide (5). After supplementation with 
niacin (Group III) the blood PN content was increased to the level present 
when the animals received the normal diet, as shown by a value of 805 y 
per gm. of hemoglobin. Feeding tryptophan (Group IV) did not produce 
as great an increase in PN levels as did the niacin supplementation. 


DISCUSSION 


This differential assay as applied to blood may give the investigator a 
better insight into the actual course of niacin and tryptophan metabolism 
in the rat than has heretofore been possible. In many instances, changes 
in these metabolites have been attributed solely to alterations in the pyri- 
dine nucleotide content. It is true that under the experimental conditions 
reported here the changes in NMeN content appeared negligible and did 
not seem to change to any great degree during the feeding procedure 
described. However, it is evident that this may not always be the case. 


Viom 
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For example, in certain experiments in which niacin and tryptophan are 
injected in single large doses, it is conceivable that an apparent rise in 
blood pyridine nucleotides as measured by a non-differential assay could 
be the result of a far from negligible rise in NMeN. 

The amount of NMeN which may be removed by the 200 mg. Decalso 
columns is much greater than the amount presented for adsorption from 
the blood samples being analyzed. In experiments designed to give an 
approximation of the capacity, 80 y of NMeN were removed completely, 
and, even after the addition of 300 y of NMeN to the column, only a very 
small amount appeared in the effluent. From these data it can be seen 
that there would be very little danger of incomplete removal of NMeN 
from any blood sample under consideration. 


SUMMARY 


1. A method for the quantitative differentiation of PN and NMeN in 
single samples of blood has been described. The main features of the 
method consist of precipitation of blood proteins and concurrent extraction 
of PN and NMeN by 75 per cent ethanol and removal of NMeN from the 
resulting extract by use of a 200 mg. Decalso column. 

2. Recovery of PN from the effluent after the Decalso treatment has 
averaged 98.4 + 1.3 per cent in 51 experiments. 

3. Application of the method has been made to a study of the effects of 
dietary tryptophan and niacin on the content of PN and NMeN in the 
blood of the rat. 
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ACETYL PHOSPHATE FORMATION CATALYZED BY 
GLYCERALDEHYDE-3-PHOSPHATE 
DEHYDROGENASE* 


By JANE HARTING{ anp SIDNEY F. VELICK 


(From the Department of Biological Chemistry, Washington University School of 
Medicine, St. Louis, Missouri) 


(Received for publication, July 20, 1953) 


Glyceraldehyde-3-phosphate dehydrogenase catalyzes the oxidative 
phosphorylation of p-glyceraldehyde-3-phosphate to 1 ,3-diphosphoglyceric 
acid (1,2). The enzyme also catalyzes the oxidation of p-glyceraldehyde, 
although the product of this reaction has not been characterized (1,2). In 
the present study it is shown that acetaldehyde (3), propionaldehyde, and 
butyraldehyde also act as substrates. The reaction with acetaldehyde has 
been studied in some detail. As with the trioses, diphosphopyridine nu- 
cleotide (DPN) is the hydrogen acceptor and arsenate or phosphate may 
participate in the reaction. In the presence of phosphate a reversible ox- 
idative phosphorylation of acetaldehyde occurs yielding acetyl phosphate 
as the product. The reaction is therefore analogous to that with glycer- 
aldehyde-3-phosphate and may be formulated as 


O 


| 


CH;CHO + HPO." + DPN*+ = CH;COPO;" + DPNH + Ht 


The acetaldehyde reaction is catalyzed by the dehydrogenase crystallized 
from both rabbit muscle and yeast. Formation of acetyl phosphate by 
enzymes from mammalian tissues or from yeast had not previously been 
observed. 


Methods 


Glyceraldehyde-3-phosphate dehydrogenase was crystallized from rabbit 
muscle (2) and yeast (4,5). The yeast enzyme was the crystalline protein 
No. 2 of Kunitz and McDonald (4), which has been identified as glyceralde- 


* This work was supported in part by a grant from the American Cancer Society 
on the recommendation of the Committee on Growth of the National Research 
Council. 

The material in this paper is taken from the dissertation submitted by Jane 
Harting in partial fulfilment of the requirements for the degree of Doctor of Philoso- 
phy in Biological Chemistry, Washington University, May, 1952. 

t Predoctoral Fellow of the National Institutes of Health, United States Public 
Health Service, and Baxter Fellow. Present address, Biochemical Research Labo- 
ratory, Massachusetts General Hospital, Boston. 
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hyde-3-phosphate dehydrogenase (5). Acetaldehyde was prepared by de- DPN 
polymerization of paraldehyde. Propionaldehyde and butyraldehyde were metr 
redistilled twice through glass helix-packed columns. Lithium monoacety] 340 1 
phosphate was prepared from isopropeny] acetate (6). 

The hydroxamic acid method (7) was used for the analysis of acetyl phos- 


phate and other acyl phosphates. Inorganic phosphate was determined by Oxide 
the method of Fiske and Subbarow (8). In the presence of acetyl phos- 

phate the inorganic phosphate determinations were carried out by the Th 

method of Lowry and Lopez (9). of L-¢ 

and ( 

EXPERIMENTAL Tem} 

Identification of Acetyl Phosphate As Product of Acetaldehyde Oxidation— se 


The oxidative phosphorylation of acetaldehyde catalyzed by crystalline ofan 
glyceraldehyde-3-phosphate dehydrogenase of muscle was followed spec- ina 
trophotometrically by the increase in the absorption band of DPNH at 340 phot 
my. The product of the reaction was identified as acetyl phosphate by two 
independent methods: (a) the formation of the hydroxamic acid derivative 
and (b) the production of acid-labile phosphate. 

The conditions of a typical experiment are given in Table I. In order to Com 
obtain rates of DPN reduction which could be conveniently observed, it was DPN 
necessary to use an enzyme concentration of 2 to 3 mg. per ml. and a high — 
substrate concentration (0.02 m). The amounts of DPN and phosphate in 
the reaction mixtures were chosen so that the spectrophotometric measure- 





Form 
ment of DPN reduction could be compared directly with the hydroxamic 
acid and phosphate analyses. It can be seen (Table I) that the formation Th 
of acetyl phosphate, as measured by the hydroxamic acid procedure (7), L-cys 
corresponded to about 90 per cent of the DPN reduced. In the control and | 
lacking DPN no hydroxamic acid formation was observed. The hydrox- | a 
amic acid was identified as the acetyl derivative by paper chromatography ne 


(10). This derivative had the same FR, (0.5) as that of acetylhydroxamic for t 

acid formed from synthetic acetyl phosphate. | two. 
The production of acid-labile phosphate in the oxidation of acetaldehyde iil 

was estimated by the difference between the total phosphate as determined 

by the method of Fiske and Subbarow (8) and the inorganic phosphate 

measured by the procedure of Lowry and Lopez (9). As shown in Table IJ, 

the amount of acid-labile phosphate formed in the complete reaction mix- Com 


ture was almost equivalent to that of DPN reduced. In the control in he 
which DPN was omitted there was no difference between the inorganic and 

total phosphate. acet 

pho: 

Properties of Reaction an 

Reversibility—The reversibility of the oxidative phosphorylation of acet- had 

aldehyde was demonstrated with acetyl phosphate as substrate and enz) 
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DPNH as the hydrogen donor. The reaction was followed spectrophoto- 
metrically by measurement of the decrease in optical density of DPNH at 
340 mp. The rate of the reaction, as shown in Fig. 1, is a function of the 


TABLE I 


Oxidative Phosphorylation of Acetaldehyde to Acetyl Phosphate As Measured by DPN 
Reduction and Formation of Acetylhydroxamic Acid 


The complete system contained 42 um of sodium Veronal buffer, pH 8.2, 1.6 um 
of L-cysteine, 178 um of acetaldehyde, 1.69 um of inorganic phosphate, 3.2 um of DPN, 
and 0.028 um of glyceraldehyde-3-phosphate dehydrogenase. Final volume 2.0 ml. 
Temperature 23°. Spectrophotometric measurements of the DPNH appearance 
were made at 340 mu in 1 cm. cells. After incubation for 24 minutes 1.0 ml. of 2 
m hydroxylamine, pH 6.1, was added to the reaction mixture. 10 minutes later 3 ml. 
of a mixture of 12 per cent trichloroacetic acid, 2.5 Nn HCl, and 5 per cent FeCl;-6H2O 
in a 1:1:1 ratio were added and the optical density read in the Beckman spectro- 
photometer at 540 mu. 











| + | Acetylhydroxamic acid 
Components | DPNH formed cety ea ga aci 
auntie Sauecane, Kees 
ee SEE, Oe are aa 0.81 0.77 
I 5 ce ce di uhiraieaara Wiis shale tin wiaiee 0.08 0.00 
TaBLeE II 
Formation of DPNH and Acid-Labile Phosphate in Oxidative Phosphorylation of 
Acetaldehyde 


The reaction mixture contained 65 um of sodium Veronal buffer, pH 8.1, 215 um of 
L-cysteine, 356 um of acetaldehyde, 1.8 um of inorganic phosphate, 3.2 um of DPN, 
and 0.028 um of glyceraldehyde-3-phosphate dehydrogenase. Final volume 3.0 ml. 
Temperature 23°. After incubation for 19 minutes the reaction mixture was de- 
proteinized by the addition of 3 ml. of 3 per cent perchloric acid in the cold and then 
neutralized to pH 4.0 with 3.0 ml. of 0.5 m sodium acetate. Aliquots were analyzed 
for total phosphate (8) and inorganic phosphate (9). The difference between these 
two values represents the acid-labile organic phosphate. 


| 
/Total phosphate} Inorganic phos- : , 
Components (Fiske- phate (Lowry- Acid-labile 











DPNH formed 








Subbarow) Lopez) phosphate 
= - eo uM 7 - | - 
Complete system..............| 1.81 0.94 0.87 0.91 
DPN omitted..>..............] 1.81 | 1.74 0.07 | 0.05 





acetyl phosphate concentration. When acetate is substituted for acetyl 
phosphate, the curve is essentially that of the control. The slow disappear- 
ance of DPNH catalyzed by the dehydrogenase in the absence of substrate 
had been observed previously both with the yeast (11) and the mammalian 
enzymes (12). 
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pH Optimum—tThe rate of oxidation of acetaldehyde was determined in 
cysteine pyrophosphate buffers at pH 8.7, 8.4, 8.0, and 6.9. The relative 
velocities in these pH regions were 100, 65, 42, and 2.5, respectively. The 
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Fig. 1. Spectrophotometric measurement of the reaction acetyl phosphate 
+ DPNH = acetaldehyde + DPN. The reaction mixture contained 162 um of so- 
dium pyrophosphate buffer, pH 8.2, 2.9 um of L-cysteine, 0.36 um of DPNH, 0.042 um 
of glyceraldehyde-3-phosphate dehydrogenase. Curve A, control with no acetyl 


= 


phosphate added. Curves B and C, 7 and 14 uo of acetyl phosphate, respectively, 
added at zero time. Curve D, 13 um of sodium acetate. Final volume 3 ml. Tem- 
perature 24°. Spectrophotometric readings made at 340 my in cells with 1 em. light 
path. 


rate of oxidation of glyceraldehyde and glyceraldehyde-3-phosphate falls 
off similarly, but less steeply, as the pH is lowered (2, 13). 

Effect of Phosphate Concentration—In the absence of detectable ortho- 
phosphate, there is an easily measurable reduction of DPN by acetaldehyde 
in Veronal and pyrophosphate buffers (Fig. 2) (14, 15). Under these con- 
ditions the reaction product does not form a hydroxamic acid derivative 
and is therefore presumably acetate. When orthophosphate is present in 
the reaction mixture, the product forms a hydroxamic acid derivative and 
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the rate of oxidation is increased as a function of phosphate concentration. 
The extent to which phosphate stimulates the rate of oxidation is a function 
of the aldehyde as well as of the phosphate concentration. At acetaldehyde 
concentrations of 0.03, 0.06, and 0.1 mM, the maximal rates of stimulation by 
phosphate are 40, 150, and 300 per cent of the respective rates in the absence 
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Fic. 2. Acetaldehyde oxidation as a function of phosphate concentration. The 
reaction mixture contained 162 um of sodium pyrophosphate buffer, pH 8.3, 5.8 um 
of L-cysteine, 0.95 um of DPN, 356 uM of acetaldehyde, 0.042 um of glyceraldehyde-3- 
phosphate dehydrogenase. Curve A, no added inorganic phosphate. Curves B and 
C, 0.8 and 100 um of inorganic phosphate, respectively. Final volume 3 ml. Tem- 
perature 24°. Spectrophotometric readings made as described in Fig. 1. 


of phosphate. ‘The oxidation of acetaldehyde is also accelerated by arsen- 
ate. 

Effect of Acetaldehyde Concentration—The rate of oxidation of acetalde- 
hyde has also been studied as a function of acetaldehyde concentration 
(Table III). In these experiments arsenate was used in place of phosphate. 
The aldehyde concentrations were sufficiently high so that the observed re- 
actions were essentially zero order with respect to aldehyde. Under these 
conditions the rate of oxidation could be described by a velocity constant 
which was first order with respect to DPN. The first order constants in- 
crease almost linearly with increasing initial aldehyde concentration. 
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Within the concentration range shown in Table III the saturation of enzyme Spe 
with aldehyde has not been reached. The dissociation constant of the ie 
. . ry : a 
acetaldehyde-enzyme complex is therefore large. The same type of kinet- 
: : in Ta 
ics has been reported for glyceraldehyde (13). 
amow 
TaBLe III In th 
, of a : ’ . er plona. 
Effect of Substrate Concentration on Rate of Acetaldehyde Oxidation id 
3.0 ml. of each reaction mixture contained 15 um of sodium pyrophosphate buffer, o-* 
pH 8.4, 9 um of L-cysteine, 18 uM of arsenate, 0.9 um of DPN, and 0.036 um of glyceral- hydes 
dehyde-3-phosphate dehydrogenase. The acetaldehyde concentration varied as obtall 
indicated. Temperature 24°. The spectrophotometric readings were made ag aceta’ 
described in Table I. A = 2.3/t log A/(A — x), where A is the concentration of hvde 
DPN and z is the amount of DPNH present at time t. Lats 
Jaibicdasecdompaudidaaiibsaphaanndsonnehsceneeaaaavene a paral 
| Concentrations of acetaldehyde idizec 
— —— | sddit 
Time : —— ati ml. ; | — per 3 ml. 60 uM per . ml. malig 
log (o/I) | K | eu | | log (Io/I) K succl 
F ‘ale. . | min.) min) es ming) 
1.0 0.170 0.094 0.092 0.049 0.017 0.008 . 
2.0 0.323 0.095 0.182 0.052 0.029 0.007 Th 
3.0 0.475 0.096 0.268 0.051 0.041 0.007 dehy 
4.0 0.607 0.095 0.350 0.052 0.053 0.007 for a 
7 i a. ee = _ esis — and | 
TaBLe IV rate 
Oxidation of Propionaldehyde and Butyraldehyde Catalyzed by ; gene 
Glyceraldehyde-3-phosphate Dehydrogenase TI 
The incubation mixtures contained 42 um of sodium Veronal buffer, pH 8.2, 1.6 by § 
uM of L-cysteine, 0.028 um of glyceraldehyde-3-phosphate dehydrogenase, 178 uM Such 
of propionaldehyde or 84 um of butyraldehyde, and the indicated amount of DPN, enzy 


phosphate, and arsenate. Final volume 3.0 ml. The concentrations are expressed 
‘in micromoles per3 ml. The spectrophotometric measurements and hydroxamic acid (a) 
analyses were carried out as described in Table I. 








| 


Initial concentrations 











Substrate se ~| DPNH formed | Hydroxamic acid 
DPN Phosphate Arsenate 
Propionaldehyde | 0.00 | 1.69 | 0.00 0.05 | 0.00 b) 
1.32 | 0.00 0.00 0.52 0.00 : 
1.32 | 1.69 | 0.00 0.84 0.81 The 
1.32 | 0.00 | 18.0 0.82 | 0.06 elye 
Butyraldehyde | 0.00 | 1.69 | 0.00 0.05 0.00 pl 
1.32 | 0.00 0.00 | 0.46 0.00 “i 
1.32 | 1.69 | 0.00 | 0.82 0.80 ‘i 
1.32 | 0.00 | 18.0 | 0.78 0.07 dt 
ee * * 
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Specificity of Enzyme—The mammalian enzyme also catalyzes the oxi- 
dative phosphorylation of propionaldehyde and butyraldehyde. As shown 
in Table TV, the amount of DPN reduced is almost equivalent to the 
amount of hydroxamic acid derivative that was formed from the product. 
In the absence of added phosphate there is a measurable oxidation of pro- 
pionaldehyde and butyraldehyde, but the products do not form hydroxamic 
acid derivatives. Arsenate accelerates the rate of oxidation of these alde- 
hydes, but hydroxamic acid derivatives of the reaction products were not 
obtained. The oxidation of the higher aldehydes thus resembles that. of 
acetaldehyde. The rates of acetaldehyde,' propionaldehyde, butyralde- 
hyde, and glyceraldehyde oxidations are in the ratios 1:1.2:2.5:50 at com- 
parable concentrations of enzyme and substrate. Glyceraldehyde is ox- 
idized at about 1/1000 the rate of glyceraldehyde-3-phosphate (1). In 
addition to the reactions described in this report the crystallized mam- 
malian enzyme has been found to catalyze the oxidation of glycolaldehyde,? 
succinic semialdehyde (16), and formaldehyde (15). 


DISCUSSION 


The oxidation of acetaldehyde catalyzed by glyceraldehyde-3-phosphate 
dehydrogenase differs in several respects from previously described systems 
for acetaldehyde oxidation. In the case of the oxidases studied by Dixon 
and Lutwak-Mann (17) and by Racker (18) phosphate had no effect on the 
rate of the reaction. Moreover, with the purified acetaldehyde dehydro- 
genase of liver (18), the reaction was not reversible with acetyl phosphate. 

The formation of acetyl phosphate from acetaldehyde was first reported 
by Stadtman and Barker who used extracts of Clostridium kluyveri (19). 
Such extracts have been fractionated by Burton (20) who found that two 
enzymes catalyze the reaction in the following manner. 


(a) CH;CHO + DPN? (or TPN*) + CoA = 
O 


CH;C—CoA + DPNH (or TPNH) + H* 
O O 


(b) CH;C—CoA + HPO." = CH;COPO;7 + CoA 


The oxidative phosphorylations catalyzed by the bacterial system and by 
glyceraldehyde-3-phosphate dehydrogenase thus are different. With the 
crystalline dehydrogenase the reaction is catalyzed by a single enzyme, co- 


1 The previous estimate of the rate of acetaldehyde oxidation (3) was too low be 
cause of impurities in the acetaldehyde. 
* Personal communication from Dr. B. Horecker. 
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enzyme A (CoA) is not required, and triphosphopyridine nucleotide (TPN) 
cannot be substituted for DPN. 

Although Nygaard and Sumner (15) have reported greater rates of acet- 
aldehyde oxidation with crude than with crystalline glyceraldehyde-3- 
phosphate dehydrogenase, the possibility that the activity of the crystalline 
enzyme with acetaldehyde results from enzymatic impurities seems un- 
likely. The specific activity of the mammalian enzyme for acetaldehyde 
oxidation was the same after three and eight crystallizations. Moreover, 
the experimental conditions such as coenzyme requirement, cysteine acti- 
vation, phosphate and arsenate effects, and pH-activity curve parallel those 
reported for glyceraldehyde and glyceraldehyde-3-phosphate. 

Under the conditions that have been tested the affinity of the enzyme for 
acetaldehyde is very low. Therefore high concentrations both of enzyme 
and of aldehyde were required for good reaction rates. Although the con- 
centration of the dehydrogenase in rabbit muscle may be as much as 300 mg. 
per 100 gm. of tissue (2), the physiological significance of the oxidation of 
acetaldehyde and other non-phosphorylated aldehydes is still uncertain. 

The finding that acetaldehyde and acetyl phosphate act as substrates for 
the dehydrogenase has facilitated the studies on the mechanism of the re- 
action, as described in the following paper. 


SUMMARY 


1. Glyceraldehyde-3-phosphate dehydrogenase catalyzes the reversible 
oxidative phosphorylation of acetaldehyde to acetyl phosphate. Inorganic 
phosphate and DPN participate in the reaction. 

2. The oxidation of the aldehyde also occurs in the absence of phosphate 
or arsenate. 


3. The dehydrogenase also catalyzes the oxidative phosphorylation of 
propionaldehyde and butyraldehyde. 


BIBLIOGRAPHY 


. Warburg, O., and Christian, W., Biochem. Z., 303, 40 (1939). 

. Cori, G. T., Slein, M. W., and Cori, C. F., J. Biol. Chem., 173, 605 (1948). 

. Harting, J., Federation Proc., 10, 195 (1951). 

. Kunitz, M., and McDonald, M. R., J. Gen. Physiol., 29, 393 (1946). 

. Rafter, G. W., and Krebs, E. G., Arch. Biochem., 29, 233 (1950). 

. Stadtman, E. R., and Lipmann, F., J. Biol. Chem., 185, 549 (1950). 

. Lipmann, F., and Tuttle, L. C., J. Biol. Chem., 159, 21 (1945). 

. Fiske, C. H., and Subbarow, Y., J. Biol. Chem., 66, 375 (1925). 

. Lowry, O. H., and Lopez, J. A., J. Biol. Chem., 162, 421 (1946). 

10. Stadtman, E. R., and Barker, H. A., J. Biol. Chem., 184, 769 (1950). 

11. Krebs, E. G., and Rafter, G. W., Federation Proc., 11, 243 (1952). 

12. Velick, S. F., Hayes, J. E., Jr., and Harting, J., J. Biol. Chem., 203, 527 (1953). 
13. Cori, C. F., Velick, S. F., and Cori, G. T., Biochim. et biophys. acta, 4, 160 (1950). 


won 


CON oe 


XUM 





14. 


16. 
17. 
18. 
19. 


ye 


ss TF et et et 





J. HARTING AND S. F. VELICK 865 


. Harting, J., and Velick, 8., Federation Proc., 11, 226 (1952). 

. Nygaard, A. P., and Sumner, J. B., Arch. Biochem. and Biophys., 38, 119 (1952). 
. Racker, E., and Krimsky, I., J. Biol. Chem., 198, 731 (1952). 

. Dixon, M., and Lutwak-Mann, C., Biochem. J., 31, 1347 (1937). 

. Racker, E., J. Biol. Chem., 177, 883 (1949). 

. Stadtman, E. R., and Barker, H. A., J. Biol. Chem., 180, 1095 (1949). 

. Burton, R. M., Federation Proc., 11, 193 (1952). 











e2een48 


C 
pho 
G. | 
the 
acti 
pha 
pha 
thio 
and 

A 
prey 
tisst 
ylas 
gens 
as t 
desc 
pou 


fe 
yeas 
used 
Cho 
for s 
D 
vl 
on tl 
Coun 
TI 
Harti 
phy i 
tT] 
Healt 


rator 





weteaa 


TRANSFER REACTIONS OF ACETYL PHOSPHATE CATALYZED 
BY GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGEN ASE* 


By JANE HARTING# anv SIDNEY F. VELICK 


(From the Department of Biological Chemistry, Washington University School of 
Medicine, St. Louis, Missouri) 


(Received for publication, July 20, 1953) 


Glyceraldehyde-3-phosphate dehydrogenase catalyzes the oxidative phos- 
phorylation of acetaldehyde (1) and a number of other aliphatic aldehydes 
(2, 3) and also has a transacetylating activity (4). In the present paper 
the reactions of acetyl phosphate which characterize the transacetylating 
activity of the enzyme are presented. These reactions include (a) the phos- 
phate exchange between acetyl phosphate and radioactive inorganic phos- 
phate, (b) the arsenolysis of acetyl phosphate, and (c) the acetylation of the 
thiol groups of coenzyme A (CoA) and glutathione to form S-acetyl CoA 
and S-acetylglutathione. 

Although transfer reactions with acetyl phosphate as substrate have not 
previously been observed to be catalyzed by enzymes from mammalian 
tissues or yeast, numerous species of bacteria contain a phosphotransacet- 
ylase which catalyzes similar reactions (5, 6). The crystalline dehydro- 
genase differs from the bacterial enzyme in that it catalyzes oxidative as well 
as transfer reactions. Both of the activities of the dehydrogenase may be 
described by a single reaction mechanism in which an acetyl-enzyme com- 
pound is the common intermediate. 


Methods 


The preparations of the crystalline dehydrogenase from rabbit muscle and 
yeast were obtained as previously indicated (2). The pigeon liver enzyme 
used in the acetylation of sulfanilamide was fractionated by the method of 
Chou et al. (7). Weare indebted to Dr. Joseph Stern and Dr. Severo Ochoa 
for samples of the crystalline condensing enzyme (8). 

Diphosphopyridine nucleotide (DPN) was purified by ion exchange chro- 


* This work was supported in part by a grant from the American Cancer Society 
on the recommendation of the Committee on Growth of the National Research 
Council. 

The material in this paper is taken from the dissertation submitted by Jane 
Harting in partial fulfilment of the requirements for the degree of Doctor of Philoso- 
phy in Biological Chemistry, Washington University, May, 1952. 

t Predoctoral Fellow of the National Institutes of Health, United States Public 
Health Service, and Baxter Fellow. Present address, Biochemical Research Labo 
ratory, Massachusetts General Hospital, Boston. 
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matography on Dowex 50 according to an unpublished method of Dr. A. is re 
Kornberg and Dr. B. Horecker.!. Samples of coenzyme A with activities of the | 
170 and 330 units per mg. were the gifts of Dr. F. Lipmann, Dr. J. Gregory, app 
and Dr. G. Novelli. A CoA unit is defined in terms of the assay system tion 
used by Kaplan and Lipmann (9). Lithium monoacetyl phosphate was in a 
prepared by the method of Stadtman and Lipmann (10). Acetyl CoA, 40 at | 
per cent pure, was furnished by Dr. C. Martius. Oxalacetate was prepared Trig 
by the method of Krampitz and Werkman (11). The analytical methods rest 
are described in the text and in the preceding paper (2). A 
pha 
TaBLE I tion 
Exchange between Inorganic Phosphate and Acetyl Phosphate Catalyzed by radi 
Glyceraldehyde-3-phosphate Dehydrogenase from Rabbit Muscle 
Each reaction mixture contained 21 um of acetyl phosphate and 23 um of P*-la- 
beled inorganic phosphate (specific activity about 3100 c.p.m. per y of P), 37 uM of 
sodium Veronal, pH 8.1, 2.2 um of L-cysteine in a total volume of 2.2 ml. Tubes 
I to IV contained 0.056 um of glyceraldehyde dehydrogenase in the following forms: T 
Tube I, 2 moles of bound DPN per mole of enzyme; Tube II, bound DPN removed | a 
from enzyme by adsorption on charcoal; Tube III, DPN restored to the charcoal- 0.19 
treated enzyme (enzyme-DPN ratio 1:3); Tube IV, TPN added to an enzyme from mint 
which bound DPN had been removed (enzyme-TPN ratio 1:3). After incubation were 
for 15 minutes the inorganic phosphate was separated from the acetyl phosphate by | — 
calcium precipitation. Phosphate determinations and radioactivity measurements 7 
were made on suitable aliquots of the two fractions from the calcium precipitation. 
Tube No. Type of enzyme bom oo | Acetyl phosphate 
dL pam gery P| cpm. pry P 
I Enzyme-(DPN),2 complex 1910 1090 mks. 
II DPN removed 3130 43 | 
III ‘* restored 2575 700 sam 
IV ** removed, TPN added 3210 22 add 
— ee a ae | whi 
EXPERIMENTAL | bot 
Phosphate Exchange between Inorganic Phosphate and Acetyl Phosphate— 1 
When crystalline glyceraldehyde-3-phosphate dehydrogenase is incubated on 
with inorganic phosphate labeled with P® and unlabeled acetyl phosphate, | we 
the organic phosphate becomes labeled and the specific activity of the in- wn 
organic phosphate decreases. An exchange of phosphate therefore occurs | ed 
which, in the experiments described in Table I, is 70 per cent complete in | tate 
15 minutes. Cysteine is required for maximal rates under these conditions. | acti 
The dehydrogenase crystallized from rabbit muscle contains 2 equivalents | 1 
of bound DPN per mole of enzyme (12, 13). When the bound nucleotide dies 
1 Personal communication. | ace 
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is removed by adsorption on charcoal, the enzyme can no longer catalyze 
the phosphate exchange reaction (Table I). The small amount of P® which 
appears in the acetyl phosphate fraction probably arises from contamina- 
tion with inorganic phosphate. When DPN is added back to the enzyme 
in a molar ratio of 3:1, an exchange of phosphate again takes place but only 
at half the rate obtained with the untreated enzyme-(DPN). complex. 
Triphosphopyridine nucleotide (TPN) cannot be used in place of DPN to 
restore the exchange activity. 

An analogous experiment was carried out with the glyceraldehyde-3-phos- 
phate dehydrogenase crystallized from yeast. After a few recrystalliza- 
tions this enzyme contains no bound DPN. As shown in Table II, the 
radioactivity which appears in the acetyl phosphate fraction is about the 


TaBLe II 
Exchange between Inorganic Phosphate and Acetyl Phosphate Catalyzed by 
Glyceraldehyde-3-phosphate Dehydrogenase from Yeast 

The experimental conditions were almost identical with those described in Table 
I. Tubes II and III contained 0.048 um of glyceraldehyde phosphate dehydrogenase; 
0.19 um of DPN was added to Tube III. The ratio of enzyme to DPN is 1:4. 25 
minute incubation. The phosphate fractionation and analytical determinations 
were carried out as previously described in Table I. 











Tube No. | . Type of enzyme | bom wee | Acetyl phosphate 


| c.p.m. per y P c.p.m. pery P 





I | No enzyme 1060 58 
II Enzyme; no DPN 1049 47 


Il Enzyme; DPN added | 804 412 








same in the presence and absence of the enzyme. However, when DPN is 
added to the yeast dehydrogenase, a rapid exchange of phosphate occurs 
which is about 60 per cent complete after 25 minutes incubation. Thus 
both the yeast and the mammalian enzymes require DPN for the phosphate 
exchange reaction. 

Arsenolysis of Acetyl Phosphate—Glyceraldehyde-3-phosphate dehydro- 
genase also catalyzes the arsenolysis of acetyl phosphate. The accelerated 
decomposition of acetyl phosphate in the presence of arsenate (Table III) 
was followed by analyses for acetyl phosphate by the hydroxamic acid 
method (14). The arsenolysis is inhibited by inorganic phosphate. Ace- 
tate, however, has no effect. As in the case of the phosphate exchange re- 
action DPN is required for the arsenolysis (15). 

The possibility was considered that either the enzyme or the DPN might 
contain traces of DPNH which could initiate the reversible reduction of 
acetyl phosphate to acetaldehyde and thereby account for the P® exchange 
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and arsenolysis. However, this explanation of the transfer reactions ap- 
pears very unlikely in view of the following observations: (a) The rates of Forme 
phosphate exchange and arsenolysis are both greatly in excess of the rate of 
acetaldehyde oxidation under comparable conditions. (b) The exchange The 
reaction can be further separated from the oxidation by lowering the pH potass 
from 8.1 to 7.0. This reduces the rate of exchange by 50 per cent and the amide 
rate of oxidation of acetaldehyde by about 95 per cent. (c) In those cases oe ; 
in which DPN was added to the DPN-free enzyme, the coenzyme was pur- os p 
ified chromatographically under acid conditions which destroy DPNH. was a 
Formation of Acetyl CoA-——Since the preceding reactions appeared some- was hj 
what analogous to those catalyzed by the bacterial phosphotransacetylase The re 
TaB_e III 
Arsenolysis of Acetyl Phosphate Catalyzed by Glyceraldehyde-3-phosphate 
Dehydrogenase Pe 
The complete system for the arsenolysis reaction contained 4 um of acetyl phos- 
phate, 4 um of sodium arsenate, 40 um of sodium Veronal buffer, pH 8.1, 1.5 um of Comp 
L-cysteine, 0.028 um of glyceraldehyde-3-phosphate dehydrogenase. Total volume No de 
2.0 ml. Temperature 23°. Incubation times as indicated. The reaction mixtures * Ti 
were analyzed for acetyl phosphate by the hydroxamic acid method (14). The “ co 
results are given in micromoles per 2.0 ml. oe 
Acetyl phosphate ie 
Components ee _ = - 
0 min. 25 min. 36 min. 
Complete. . es ae 4.0 2.7 7 
No arsenate... er 4.0 3.7 3.5 
(16), it was decided to determine whether the dehydrogenase could also cat- 
alyze the transfer of the acetyl group of acetyl phosphate to CoA. The 
‘formation of acetyl CoA was demonstrated by coupling the dehydrogenase 
reaction with a system known to require acetyl CoA, namely, the acetyl- 
ation of sulfanilamide by the pigeon liver enzyme (17). The reaction se- 
quence may be formulated as follows: 
(a) Acetyl phosphate + CoA dehydrogenase | acetyl CoA + phosphate 
(b) Acetyl] CoA + sulfanilamide pigeon liver acetyl sulfanilamide + CoA 
‘enzyme 
The results obtained with this coupled system are presented in Table IV. 
It may be seen that the system was inactive when the dehydrogenase, “_ 
pigeon liver enzyme, CoA, or acetyl phosphate was omitted. Acetate could phate 


not replace acetyl phosphate. The rate of acetylation was a function of the were 
CoA concentration as shown in Fig. 1. centr: 
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TABLE IV 
Formation of S-Acetyl CoA Measured in Coupled System Containing Glyceraldehyde- 
3-phosphate Dehydrogenase and Sulfanilamide-Acetylating Enzyme 

The complete system contained potassium bicarbonate, 17 uM; L-cysteine, 3.4 um; 
potassium citrate, 19 um; acetyl phosphate, 19 um; coenzyme A, 100 units; sulfanil- 
amide, 0.44 uM; glyceraldehyde-3-phosphate dehydrogenase, 0.06 um; 40 to 60 per 
cent acetone fraction of liver, 10 mg.; total volume 1.7 ml.; the reaction components 
were kept at 25° for 45 minutes. The protein was precipitated by addition of 4 ml. 
of 5 per cent trichloroacetic acid. After centrifugation the supernatant solution 
was analyzed for sulfanilamide (18). Another sample of the supernatant solution 
was hydrolyzed in 0.5 Nn HCl at 100° for 1 hour and then analyzed by the same method. 
The results are expressed in micrograms per 1.7 ml. 




















Sulfanilamide 
. scene Sulfanilamide 
Components 
Satie ene rr acetylated 
hydrolysis eye 

= total y total y | 
Complete.......... er roa | 43 75 32 
No dehydrogenase...................... 74 75 | 1 
“ liver enzyme. 77 77 0 
NN SE ree 75 76 1 
* acetyl phosphate. 77 77 0 
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UNITS OF COA 
Fie. 1. The dependence of the rate of acetylation of sulfanilamide on the con- 
centration of CoA in the coupled enzyme system containing glyceraldehyde-3-phos- 
phate dehydrogenase and pigeon liver enzyme. The conditions for this experiment 
were the same as those given in Table IV except for the variation in the CoA con- 
centration. 
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The above results were confirmed in another coupled system in which the 
crystalline condensing enzyme (8) was used to measure the acetyl CoA 
formed in the transfer reaction 





(a) Acetyl phosphate + CoA dehydrogenase acetyl CoA + phosphate 
(b) Acetyl CoA + oxalacetate condensing enzyme citrate + CoA 
TABLE V 


Formation of S-Acetyl CoA from Acetyl Phosphate Catalyzed by 
Glyceraldehyde-3-phosphate Dehydrogenase in Presence and 
Absence of Glutathione 

Reaction System a contained 70 uM of potassium bicarbonate, 30 um of glutathione 
adjusted to pH 7.5, 4 um of MgClo, 15 um of acetyl phosphate, and 25 uM of oxalace- 
tate; CoA concentration varied as indicated; 100 units of condensing enzyme; 0.033 
um of glyceraldehyde-3-phosphate dehydrogenase. Final volume 1.7 ml. In Re- 
action System b, the total micromoles of potassium bicarbonate, MgCle, oxalacetate, 
and acetyl phosphate were the same as those in Reaction System a. In addition, 
Reaction System b contained 66 units of condensing enzyme, 0.058 um of glyceralde- 
hyde dehydrogenase (preparation recrystallized in the presence of 0.001 m Versene 
and in the absence of glutathione or cysteine), and CoA as indicated. Total volume 
2.1 ml. The CoA in Tests I to VII had an activity of 170 units per mg. and in Test 
VIII an activity of 330 units per mg. In the absence of glutathione, the CoA of 
Tests VII and VIII was converted to the reduced form with hydrogen sulfide. The 
coenzyme in Test VI was not treated with hydrogen sulfide and was present as oxi- 
dized CoA. All samples were incubated for 1 hour and then analyzed for citric 
acid (19). 

















Test No. | Reaction system | Glutathione CoA Citrate 
| formed 
| BM units uM per hr. 

I ja 30 200 1.10 
ee | 30 100 0.55 
aC} | 30 | None 0.03 
IV_ | “ (no condensing enzyme) 30 | 200 0.01 
io ““ (** dehydrogenase) | 30 200 | 0.04 
VI | b None | 500 (oxidized CoA) 0.00 

a6€«(CUi* ™ 500 (reduced ‘ ) 1.04 
Vill os ” 350 - ™ 0.51 





The experimental conditions for this system are shown in Table V. It 
can be seen (Tests I, II, and III) that the synthesis of citrate is a linear func- 
tion of the CoA concentration. The system was inactive in the absence of | 
glyceraldehyde-3-phosphate dehydrogenase or condensing enzyme. 

Since glutathione was present in the above experiments, two alternative 
pathways may be postulated for the formation of acetyl CoA: (1) The acetyl 
group of acetyl phosphate may be transferred directly to CoA. (2) The | 
dehydrogenase may first catalyze the formation of acetylglutathione, as will 
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be described in the next section, and the acetyl group could then be trans- 
ferred non-enzymatically to CoA (20). The intermediate formation of free 
acetylglutathione appears unlikely, however, from the data of Table V, Re- 
action System b. In this system the reaction proceeds in the presence of 
highly purified CoA (Test VIII) without added glutathione. 

An active acetyl group for the acetylation of CoA may also be produced 
from the oxidation of acetaldehyde by the dehydrogenase in the absence of 
any detectable inorganic phosphate. The reaction was carried out in a 
coupled enzyme system with the crystalline condensing enzyme as pre- 
viously described. The dehydrogenase was repeatedly crystallized to re- 
move inorganic phosphate and was maintained in the active form with 
0.001 m Versene. The results shown in Table VI indicate that the acetyl 


TaBLE VI 
Synthesis of S-Acetyl CoA with Acetyl Groups Formed in Oxidation of Acetaldehyde 


The same concentrations of potassium bicarbonate, MgCl, and oxalacetate 
were used as those givenin Table V. 0.1 uM of glyceraldehyde-3-phosphate dehydro- 
genase (preparation recrystallized in 0.001 m Versene); 66 units of condensing en- 
zyme dialyzed free of phosphate; acetaldehyde, 178 um; DPN, 2.7 um; CoA as indi- 
cated; total volume 2.0 ml. Temperature 29°. Incubation 1 hour. 





CoA 
Components pais 3 Citrate formed in 1 hr. 
Activity Units added 
el | nits per 2 ml. oe 
rere dckue Katnmnwp towel None 0.00 
ER sod ine nwo twe asitee (Xa 170 500 0.63 
OB ratenndie anita th wrbhachoh wikia. eon 300 300 0.28 





group formed in the oxidation of acetaldehyde may be transferred directly 
to CoA without the intermediary formation of acetyl phosphate. 

The above reaction has been shown to be reversible. When acetyl CoA is 
incubated with DPNH and glyceraldehyde dehydrogenase, a slow oxidation 
of DPNH can be observed as measured by the decrease in optical density 
at 340 my. The acetaldehyde produced in the reaction has been identified 
with alcohol dehydrogenase. 

Acetylation of Glutathione and Cysteine—It has been found that glyceral- 
dehyde-3-phosphate dehydrogenase catalyzes a transfer of acetyl groups 
from acetyl phosphate to glutathione to form S-acetylglutathione. In the 
experiments shown in Table VII acetyl phosphate, glutathione, and crystal- 
line dehydrogenase were incubated together for 1 hour. The product, S- 
acetylglutathione, could be quantitatively determined, since it gives a hy- 
droxamic acid test and can be distinguished from acetyl phosphate by its 
heat stability (20). At the end of the incubation, therefore, the reaction 
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mixture was heated to 100° for 9 minutes at pH 4.0 in order to hydrolyze 
any residual acetyl phosphate. The formation of the heat-stable thiol ester 
was then measured by the hydroxamic acid procedure (14). It can be seen 
(Table VII) that the acetylglutathione formed was roughly proportional to 
the glutathione concentration. In the absence of the enzyme or acetyl 
phosphate no thiol ester was formed. The total hydroxamic acid, which js 
a measure of both acetylglutathione and acetyl phosphate, remained essen- 
tially unchanged in the reaction mixtures during the course of incubation, 

The S-acetylglutathione formed in the reaction was identified by paper 
chromatography in a phenol-water-isopropyl alcohol solvent (21). The 


TaBLe VII 
Acetylation of Glutathione by Acetyl Phosphate 
The complete system contained 66 um of sodium Veronal, pH 8.0, 8 um of acetyl 
phosphate, 0.047 um of glyceraldehyde-3-phosphate dehydrogenase, and glutathione. 
neutralized to pH 7.0, in various concentrations as indicated. Total volume 4.0 
ml. After incubation for 50 minutes an aliquot was analyzed for total hydroxamic 
acid by the method of Lipmann and Tuttle. Another aliquot was adjusted to pH 4.0 


with acetic acid, heated for 9 minutes at 100°, and then analyzed for heat-stable 
hydroxamice acid. 





Hydroxamic acid analyses 


Components Glutathione s 
Total acetyl Heat-stable acetyl 
uM uM BM 
Complete. pee easier eeheie aie eh 80 6.9 1.5 
- ‘ ae ia “ane ‘ 40 6.7 1.1 
™ _ ; ane aeeaaitn ee 4 6.6 0.1 
No enzyme.... ae sor , 80 7.8 0.0 





bands were located by spraying with ninhydrin. In addition to the bands 
.for oxidized and reduced glutathione (F 0.14 and 0.37, respectively) a third 
rapidly moving band appeared with an FR» of 0.46. The fast moving band 
did not give a nitroprusside reaction when tested with Reagent I of Toennies 
and Kolb (21). After treatment with an alcoholic solution of sodium hy- 
droxide, which hydrolyzes the S-acetyl bond, the nitroprusside reaction be- 
‘ame positive.2 The formation of S-acetylglutathione by the dehydro- 
genase was found also by Racker and Krimsky (15). Considerably more 
thiol ester was synthesized in their system, presumably because of the 
higher concentrations of enzyme and substrate and a longer incubation at 
a higher temperature. 
Presumptive evidence has been obtained that glyceraldehyde dehydro- 
? We are indebted to Dr. Earl Stadtman for his suggestions for modifications in the 
chromatographic methods. 
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genase catalyzes the acetylation of cysteine. The product of the reaction, 
S-acetylcysteine, is unstable because an S-acetyl bond is formed adjacent to 
a free amino group and decomposes rapidly and spontaneously (20). Since 
no analytical test has been devised as yet for the decomposition product, the 
reaction was followed by the disappearance of acetyl phosphate from the re- 
action mixture. Table VIII shows that the rate of disappearance of acetyl 
phosphate in a system containing cysteine and the dehydrogenase is a func- 
tion of the cysteine concentration between 0.00025 and 0.01 m. Cysteine 
alone has no effect on the stability of acetyl phosphate. On the other hand, 
the enzyme without cysteine catalyzes a very rapid disappearance of sub- 


Taste VIII 
Disappearance of Acetyl Phosphate, As Function of Cysteine Concentration, Catalyzed 
by Glyceraldehyde-3-phosphate Dehydrogenase 
2.0 ml. of the complete reaction mixture contained 40 um of sodium Veronal buffer, 
pH 8.0, 4 um of acetyl phosphate, 0.039 um of glyceraldehyde phosphate dehydro- 
genase, and varying concentrations of cysteine. Incubation time 25 minutes. The 
disappearance of acetyl phosphate was determined as a decrease in the hydroxamic 
acid derivative (14). 








- iia . Acetyl phosphate 

Components Cysteine concentration | disappearing in 25 = 
uM | uM 
No enzyme........... .+| 20.0 0.1 
eae | 2.0 | 0.1 
rs | 0.5 | 0.4 
ey et diy Seika Hate .| 2.0 0.7 
BT hi isin aagiagwieaie sok 6.0 | 1.0 
" Pe ee ; .| 20.0 1.5 
2.0 


a Nn eee sa ‘ 0.0 





strate. This is due to an acetyl phosphatase activity of the enzyme which 
will be reported in detail in a subsequent publication. The dehydrogenase 
can only function as a phosphatase when it is in the “‘oxidized”’ state, that 
is, in the absence of reducing agents such as cysteine or glutathione. As 
indicated in Table VIII, the phosphatase activity is strongly inhibited by 
low concentrations of cysteine, and, as the concentration is increased, cys- 
teine itself be¢omes acetylated. 


DISCUSSION 


The transacetylase activity of the dehydrogenase differs from that of the 
purified bacterial phosphotransacetylase (22) in several respects. (a) The 
mammalian enzyme does not require CoA for the catalyses of phosphate ex- 
change, arsenolysis, or acetylation of glutathione; however, CoA is a nec- 
essary cofactor for the bacterial enzyme. (b) The CoA requirement in the 
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coupled systems for acetylation of sulfanilamide and citrate formation jg 
greatly increased when acetyl CoA is generated with the dehydrogenase in. 
stead of phosphotransacetylase. (c) Acetaldehyde can serve as a substrate 
for the dehydrogenase, but not for the phosphotransacetylase, in the for. 
mation of active acetyl groups. (d) With both the yeast and mammalian 
dehydrogenases bound DPN is required for the transfer reactions with 
acetyl phosphate. Such a requirement for DPN has not been shown and 
would not be expected for a phosphotransacetylase. 

The differences between the two enzymes exclude the possibility that the 
transfer reactions of the glyceraldehyde dehydrogenase are due to bacterial 
contamination. It was also considered that the transfer activity of the de- 
hydrogenase might be accounted for by an enzymatic impurity from the 
muscle itself. However, this possibility is rather remote, since the specific 
activity for both the oxidation of acetaldehyde and the formation of acetyl 
CoA is essentially unchanged after three and eight recrystallizations. 
Moreover, the crystalline dehydrogenase from yeast also catalyzes the P® 
exchange and formation of acetyl CoA. 

Animal tissues and yeast had not previously been found to form acetyl 
phosphate or to utilize acetyl phosphate for the production of acetyl CoA. 
There is, as yet, no evidence that the transfer reactions of the glyceralde- 
hyde dehydrogenase constitute steps in the major metabolic pathways. 

The oxidative phosphorylation of acetaldehyde and the various acetyl 
transfer reactions catalyzed by the dehydrogenase may be formulated as 
occurring in the accompanying reaction scheme with an acetyl-enzyme com- 
pound as the common intermediate. 





Step I Step II 
Acetaldehyde ~<a, acetyl-enzyme eo acetyl phosphate 
: DPNH ; F 
elie <t , 
H:0 +As0O, +glutathione +CoA 


| | | | 


acetate acetyl AsO, acetylglutathione acetyl CoA 
acetate 


As required by this mechanism acetaldehyde has been shown to be oxi- 
dized in the absence of added phosphate. The acetyl group formed in this 
type of oxidation may be transferred to water, arsenate, glutathione, or 
CoA. Moreover, the acetyl group of acetyl phosphate can be transferred 
to the various acceptors without the occurrence of the oxidation-reduction 
reaction. The separation of Steps I and II follows from the difference in 
their rates and from their different pH dependence. 

We have found, in accord with the scheme, that inorganic phosphate la- 
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beled with P® exchanges with the phosphate of adenosinetriphosphate in 
the presence of Bucher’s 3-phosphoglycerokinase (23), the dehydrogenase, 
and 3-phosphoglyceric acid. When arsenate and the dehydrogenase are 
added to the Bucher enzyme system, a decomposition of adenosinetriphos- 
phate is observed (24). These observations are explained by a phosphorol- 
ysis or an arsenolysis of a 3-phosphoglyceryl-enzyme intermediate. The 
3-phosphoglyceryl-enzyme compound is sufficiently stable to permit the di- 
rect observation of its formation and phosphorolysis, corresponding to 
Steps I and II, and the measurement of the respective equilibria (25, 26). 


SUMMARY 


1. Glyceraldehyde-3-phosphate dehydrogenase has been found to catalyze 
the transfer of acetyl groups of acetyl phosphate to various acceptors: 
inorganic phosphate, arsenate, and the thiol groups of CoA and glutathione. 

2. The dehydrogenase requires the presence of bound DPN for the trans- 
ferase activity, but the DPN does not function as a hydrogen donor or ac- 
ceptor in the transfer reactions. 

3. The oxidative phosphorylation of acetaldehyde and the acetyl transfer 
reactions are formulated as occurring through an acetyl-enzyme intermedi- 
ate. 


We wish to acknowledge the many helpful suggestions of Dr. Robert 
Crane and of Dr. Carl F. Cori. 
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THE SITE OF ACTION OF LECITHINASE A ON LECITHIN* 


By DONALD J. HANAHAN 
(From the Department of Biochemistry, University of Washington, Seattle, Washington) 


(Received for publication, November 9, 1953) 


The site of action of lecithinase A, which removes a single fatty acid 
from a glycerophospholipide molecule, has never been proved. The only 
report known to the author on this subject was that of Levene and Mehl- 
tretter (1), who were unsuccessful in their attempts to make a derivative 
of lysolecithin which had been prepared by the action of snake venom on 
egg lecithin. The availability of pure, homogeneous lysolecithins (mono- 
palmitoleyl- and monopalmitoyllecithin), which were produced enzymatic- 
ally by the action of Nata naia venom, Crotalus adamanteus venom, or pan- 
creatin extracts (2) on the corresponding a-lecithin, made possible a detailed 
study of the position of the free alcohol group in these compounds. 

Several promising lines of attack on this problem were available. Fore- 
most among these possibilities was that of the acylation of the alcohol 
group. However, under a variety of conditions in different solvents, no re- 
action of the lysolecithin could be effected with reagents such as stearoy] 
chloride, palmitoy] chloride, p-nitrobenzoy] chloride, phthalic anhydride, or 
acetic anhydride. In addition, the preparation of the a-naphthyl- or 3- 
nitronaphthylurethane was unsuccessful. Another possible approach was 
to remove enzymatically the phosphorylcholine from the lysolecithin by 
the use of lecithinase D with the resultant production of an easily identifi- 
able monoglyceride. However, in confirmation of the indirect evidence ob- 
tained by Zamecnik ef al. (3) on the inactivity of lecithinase D towards ly- 
solecithin, no action of this enzyme on pure lysolecithin could be elicited. 

It was hoped that migration of the acyl group of the lysolecithin could be 
effected with conditions under which it is well known that the 6-acyl group 
of 8-monoglycerides or a, 8-diglycerides will migrate quantitatively to the a 
position (4). When lysolecithin was incubated in alcoholic 0.05 n HCl for 
36 hours at room temperature and the optical activity of the solution meas- 
ured at frequent intervals, no change was noted. If any migration had 
occurred, it seemed most likely that a change in rotation would have re- 
sulted. It is possible that the acyl group was already on the a position or 
that it was on the 8-carbon, and that its migration was hindered by a cyclic 
phosphate structure involving the free alcohol and the phosphate groups or 
by hydrogen bonding between the free alcohol and the fatty acid ester. It 


* Supported in part by a grant-in-aid from the American Cancer Society upon 
recommendation of the Committee on Growth of the National Research Council. 
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is of interest to note that Baer and Kates (5) have reported that a direct 
acylation of glycerylphosphorylcholine was not feasible for the synthesis of 
the a-lecithins. They obtained products which resembled lysolecithins and 
these might have resulted from the presence of the above type of structures 
which could interfere with complete esterification. 

The proof of the structure of lysolecithin was finally obtained by a pro- 
cedure which was based on the ease with which primary alcohols are oxi- 
dized by reagents, such as KMnO,, to the corresponding aldehydes or acids, 
and secondary alcohols to ketones. After oxidation, the reaction mixture 
was subjected to acid hydrolysis for 2 hours and the products isolated and 
identified. Inasmuch as permanganate will attack both the alcohol and 
diene group in the unsaturated lysolecithin, only saturated lysolecithin was 
used in these reactions. However, whether the saturated lysolecithin was 
prepared by enzymatic hydrolysis of the saturated lecithin or by hydro- 
genation of the unsaturated lysolecithin, the oxidation results were iden- 
tical. The accompanying schemes show the type of results one should 
obtain if the alcohol group were on carbon 1 (Scheme A) or on carbon 2 
(Scheme B). 

If Scheme A were correct, the products of the reaction would be free 
fatty acid, free choline, and phosphoglyceric acid (undoubtedly a mixture 
of 2, 3, and cyclic diester isomers due to the acid treatment). If Scheme B 
were correct, the products would be free fatty acid, free choline, inorganic 
phosphate, and methylglyoxal (resulting from the degradation of the di- 
hydroxyacetone phosphate under these conditions (6)). Experimentally, 
the only observed products of the reaction were free fatty acid, free choline, 
and phosphoglyceric acid. As indicated in Table I, the yields of fatty 
acid and choline were greater than 90 per cent of theory, while the phos- 
phoglyceric acid was isolated in 65 to 85 per cent yields. This latter acid 
was isolated as its barium salt and identified by paper chromatography 
and elementary analyses. When compared on paper chromatograms with 
an authentic sample of phosphoglyceric acid, which had been subjected to 
the same hydrolytic treatment and isolation as the barium salt, the phos- 
phoglyceric acid from the lysolecithin oxidation had an identical R» value. 
This was true whether the unknown and known compounds were run alone 
or as a mixture. Inasmuch as some unreacted glycerophosphate (which 
undoubtedly would be isomerized under these conditions) might have been 
present in the product, 6-glycerophosphate and a ,8-glycerophosphate were 
run, but had R, values distinctly different from the unknown. Mixtures 
of these two compounds with the unknown showed definite separation into 
two spots. A typical chromatogram is shown in Fig. 1. 

It seems conclusive from the evidence presented here that the lecithinase 
A of Naia naia and Crotalus adamanteus venoms and pancreatin attack 
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lecithin specifically at the carbon 1 (@’) fatty acid ester linkage. This in- 
formation should be of aid in establishing the synthetic and degradative 
pathways of lecithin, and in the study of the specificity of action of the 
lecithinases. 


Scheme A 
CH.OH COOH 
KMnO, 
ROCH O 37° Shrs. ROCH O 
| P | 
CH:OP—OCH.CH:N(CHs): CH.OP—OCH.CH:2N(CH:;); 
OH OH OH OH 
COOH 
2~ HCl | 


———_—_—— 
95°,2hrs. HCOH 


CH:0PO;H: + RCOOH + choline 


Scheme B 
CH.OR CH:OR 
| KMnO 
4 4 ew 
<< | 37, 8hrs. S00 
i il 
CH.OPOCH:CH:N(CH;)s CH.OP—OCH:CH:N(CH)); 
| 
OH OH OH OH 
RCOOH + cho- 
2n HCl. line + 
95°, 2 hrs. 
CH.0H 
| 
c=0 
| 
CH,0PO;H:; | 
Ll | J 
Methylglyoxal + 
HPO, 
EXPERIMENTAL 


Materials and Methods—Monopalmitoyllecithin was prepared either di- 
rectly from (dipalmitoyl)-L-a-lecithin or by hydrogenation of monopalmi- 
toleyllecithin by a previously described method (2). The barium salt of 
3-phosphoglyceric acid was obtained from the Nutritional Biochemicals 
Corporation. The disodium salt of «,8(1:1.5)-glycerophosphoric acid and 
the sodium 6-glycerophosphate were Eastman products. 
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TaBLeE [ 
Components Isolated from Acid Hydrolysate of Oxidized Lysolecithin 


100 mg. of lysolecithin were used in each experiment. Theoretical composition 
of lysolecithin, P 6.04 per cent, choline 23.6 per cent, and fatty acid 50.0 per cent, 


Experi- Experi- Experi- Experi- 








Theory ment I ment II | ment III | ment IV 
Barium phosphoglycerate yield,* mg...| 70 45 52 60 45 
Sy ie Re ee bee toika .| 8.68 8.57 8.47 | 8.63 | 8.65 
eee caedvssieiccisiscccss] MR | Se ) SO Bile ae 
ap Se yp eee reer ee Loca cue essen 1.42 1.48 a | 1.46 
__, Serer ag 6s CAR OUR Qe ae 39.0 39.9 | 39.5 | “ ™ | 39.7 
Vicinal glycol, %................. a 0 0 0 | <8 | <5 
Free fatty acid yield, mg............... 50 45 40 | 5 | 45 
Neutral equivalent....................| 256 | 257 | 252 | 257 _—‘| (256 
Choline yield, mg............... 24 | 20 25 | 22 | 20 





* The theoretical composition is (C;H;0;P)Ba-2H,0. 
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ma ee oe a me, 
lta. 1. Ascending paper chromatograms of phosphate esters. Spot 1, phospho- 
glyceric acid (PGA) (Experiment 3, Table I); Spot 2, glyeerophosphoric acid (GPA) 
(Experiment 3) plus authentic PGA; Spot 3, authentic PGA; Spot 4, 8-GPA; Spot 5, 
PGA (Experiment 3) plus 8-GPA; Spot 6, a,8-GPA; Spot 7, PGA (Experiment 3) 
plus a,8-GPA; Spot 8, PGA (Experiment 4). 
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Ascending paper chromatograms, with 28 cm. X 46 cm. Whatman No. 1 
paper, for the detection of phosphate esters were run at room temperature. 
The methanol-formic acid solvent system of Bandurski and Axelrod (7) 
was found to be the most satisfactory. The best chromatographic results 
were obtained when no preequilibration was used. The spray used for the 
detection of the phosphate esters was that employed by Hanes and Isher- 
wood (8), as modified by Bandurski and Axelrod (7). The method of 
Pohle et al. (9) was used for the vicinal glycol determination on barium- 
free phosphoglycerate fractions. Total phosphorus was assayed by the 
method of King (10). Free choline was estimated as the Reinecke salt es- 
sentially by the technique of Glick (11). 

Oxidation of Monopalmitoyllecithin (Lysolecithin)—A typical reaction 
(Experiment II, Table I) was carried out as follows: 100 mg. of lysolecithin 
(6.1 mg. of total phosphorus) were dissolved in 10 ml. of water in a 50 ml. 
Erlenmeyer flask, 50 mg. of KMnQ, in 5 ml. of water were added, and the 
mixture was placed in a bath maintained at 37°. Within 10 minutes, some 
MnO, was formed, and, at the end of the 1st hour of incubation, a copious 
precipitate of MnO. was removed by filtration and the precipitate washed 
three times with 1 ml. volumes of water. An additional 10 mg. of KMnQO, 
were added to the combined filtrate and washings, and the mixture was 
reincubated at 37° for 7 hours. At the end of this incubation period, the 
solution was filtered and washed as above. Further incubation of the 
filtrate and washings with an additional 10 mg. of KMnO, did not produce 
any MnO:. The minimal amount of solid NaHSO; necessary to decom- 
pose the excess KMnQ, was added to the solution. The solution, which 
contained 6 mg. of organic phosphorus and no inorganic phosphorus, fatty 
acid, or free choline, was made 2 n in HCl and heated under a reflux for 2 
hours at 95°. Within 15 minutes after the heating had started, almost all 
of the fatty acid had been released. At the end of the hydrolysis period, 
the solution was cooled and the fatty acids were extracted with diethyl 
ether and the aqueous fraction set aside. The ether was washed several 
times with water until the washings showed no positive response to AgNO; 
and dried over anhydrous Na.SO,. Yield of fatty acid, 45 mg. (theory, 50 
mg.). It had a neutral equivalent of 256 (theory for palmitic acid, 256). 
Crystallization of the fatty acid three times from 60 per cent ethanol gave 
a compound with a melting point of 60-60.5°. Admixture with an authen- 
tic sample of palmitic acid did not depress the melting point. 

The aqueous fraction and washings contained 6 mg. of organic phos- 
phate, no inorganic phosphorus, and 20 mg. of free choline (theory, 24 mg.). 
The barium salt of phosphoglyceric acid was isolated from this fraction 
essentially by the procedure described by Benson e/ al. (12). The isolated 
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salt was dried for 2 hours at room temperature over CaCl, at a pressure of 
20 mm. Yield, 52 mg. (theory, 70 mg.). 


SUMMARY 


The site of action of lecithinase A on lecithin has been determined. Per- 
manganate oxidation of monopalmitoyllecithin (lysolecithin) to a carbox- 
ylic acid, followed by an acid hydrolysis, yielded phosphoglyceric acid as 
the only phosphate compound. This proved conclusively that the un- 
esterified alcohol group of lysolecithin is on the a’-carbon and that the 
fatty acid ester linkage at this carbon (@’) in the intact lecithin is the 
primary site of attack of lecithinase A. 
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SUGAR TRANSFORMATION IN LEAVES OF CANNA INDICA 
I. SYNTHESIS AND INVERSION OF SUCROSE* 


By E. W. PUTMAN anp W. Z. HASSID 


(From the Department of Plant Biochemistry, College of Agriculture, University of 
California, Berkeley, California) 


(Received for publication, September 8, 1953) 


It was previously demonstrated that, when solutions of hexose sugars 
such as glucose, fructose, or mannose are introduced into green leaves under 
aerobic conditions, an increase in sucrose is observed (1-3). The sucrose 
appears to be synthesized at the expense of the monosaccharides. Excised 
barley leaves infiltrated with 5 per cent glucose or fructose accumulated 
sucrose to a level of about 6 per cent of dry weight (2). 

The obvious questions that arise from these infiltration experiments are 
these: are the infiltrated sugars used per se in the synthesis of sucrose or is 
the disaccharide formed as a result of the infiltration of unphysiological 
concentrations of reducing sugars which have altered the metabolism of 
the leaf in such a way as to cause the synthesis of sucrose from starch or 
some other storage product? We have undertaken to answer these ques- 
tions by the use of C'*-labeled sugars. 


Methods 


Selection and Preparation of Plant Leaf Material—The selection of the 
leaf of Canna indica for this study was based on the fact that in photosyn- 
thesis approximately 80 per cent of the CO, fixed is incorporated in the 
sugar fraction (4), suggesting that this tissue has a high capacity for sugar 
synthesis. Repeated analyses of Canna leaf, carried out in this laboratory 
in conjunction with the preparation of radioactive sugars (4, 5), resulted 
in identification of its major chemical constituents. The leaf tissue does 
not contain a detectable amount of starch, and infiltration experiments 
have shown that Canna leaf is as effective as other plants in synthesizing 
sucrose from glucose or fructose. Furthermore, intact leaves are not re- 
quired but small disks of tissue can be used. 

Canna leaves were selected which had not yet attained full maturity. 
In an attempt to obtain more uniform experimental material and to con- 
serve the radioactive sugars, leaf disks were employed in these studies. 
The blades of the leaves used were about 18 em. wide and 30 cm. long, with 


* This work was supported in part by a research contract with the United States 
Atomic Energy Commission. 
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a weight of 14to 16 gm. They were washed under cold running tap water, 
placed on a sheet of cardboard, and the leaf disks punched out with an 
18 mm. cork borer. The disks were then washed three times with water 
by decantation and blotted between paper towels. A single leaf provided 
from 70 to 80 disks, having an average weight of 90 mg. per disk. From 
this total a random sample of forty-nine disks was selected. A group of 
seven of these disks was placed in boiling 80 per cent alcohol to serve as 
a control. 

Infiltration—F orty-two Canna leaf disks were placed in a 50 ml. beaker 
and a dilute solution of radioactive sugar! was pipetted onto them. In 
an attempt to label the carbohydrate pools without disturbing the normal 
metabolism of the leaf tissue, radioactive sugars were used in concentrations 
below 0.5 per cent, which is lower than that existing in normal leaves. 
In previous infiltration experiments (1, 2), sugar concentrations of 5 to 10 
per cent were used. The disks were kept submerged by placing a rubber 
stopper on them. The beaker containing the disks was placed in a desic- 
cator, and the system was slowly evacuated to about 120 mm. pressure. 
As soon as the evolution of gas bubbles from the periphery of the disks 
had ceased, the vacuum was released by a slow admission of air. This 
process was repeated twice in order to insure infiltration of the solution. 
The excess infiltrating solution was removed by decantation and the disks 
were washed twice with 3 ml. portions of water to recover the adhering 
radioactive sugar. The disks were then transferred to a 400 ml. beaker 
filled with distilled water and washed five times by decantation. Seven 
of these washed disks were put at once in boiling 80 per cent alcohol in 
order to observe the early transformations of the infiltrated sugar. The 
time required to infiltrate and wash the disks was about 12 minutes. 

Respiration Conditions—The remaining thirty-five disks were placed on 
edge around the inside of a 50 ml. beaker containing a 2.85 cm. circle of 
moistened filter paper at the bottom. The outside walls of the beaker 
had previously been completely covered with black friction tape. The 
beaker in turn was placed in a respirometer consisting of a tape-covered 
micro bell glass equipped with a side tubulation and a bottom plate (Fig. 
1). Moist air (not freed of CO.) was forced over the surface of the leaf 
disks, sweeping the respired CO, into the absorber containing 5.0 ml. of 
0.2 n sodium hydroxide. The rate of air flow through the system was 10 

1 The C-labeled glucose, fructose, and sucrose used in these experiments were 
isolated from Canna indica leaves exposed to photosynthesis in the presence of 
C¥#O,. The distribution of C™ activity was equal among the individual atoms of the 
carbon chains of these sugars. The glucose was contaminated with 0.13 per cent 
fructose, the fructose with 0.17 per cent glucose, and the sucrose with 0.15 per cent 
fructose and 0.37 per cent glucose (5). These small amounts of contaminants did 
not interfere with the interpretation of the results. 
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to 15 ml. per minute. At various successive time periods, samples of 
seven disks each were removed from the respirometer and placed in boiling 
95 per cent ethanol. 

Each time that a group of seven disks was taken for analysis, the alkali 
in the CO, absorber was transferred quantitatively to a stoppered 125 ml. 
Erlenmeyer flask and replaced with 5.0 ml. of fresh alkali. 10 ml. of 0.05 
m barium chloride were added to the alkali containing the COs» respired 
by the disks, and the total amount of the barium carbonate formed was 
estimated by titrating the excess of sodium hydroxide with 0.050 Nn hy- 
drochlorie acid with a phenolphthalein indicator. The precipitated barium 
carbonate was collected by centrifugation, washed with water, dispersed in 
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Fig. 1. Respirometer 


alcohol, and pipetted onto tared copper disks for subsequent determination 
of radioactivity. 

Sample Preparation—The leaf disk samples were extracted three times 
by boiling for approximately 15 minutes with 10 ml. portions of 80 per cent 
ethanol. The extracts were reduced in volume to about 0.5 ml. by evap- 
oration on a steam bath, toluene was added as a preservative, and the ex- 
tracts were dried in a vacuum oven at 40°. The dried extracts were then 
taken up in 1.00 ml. of water, and 0.50 ml. of each sample was taken for a 
quantitative analysis of the sugars, 0.25 ml. for isolation of sucrose, and 
0.04 ml. for paper chromatographic analysis. 

Determination of Sugars—The 0.50 ml. aliquots of the extracts were 
clarified by treatment with 0.5 ml. of a saturated solution of neutral lead 
acetate, followed by 1.5 ml. of a saturated solution of disodium phosphate 
and a pinch of charcoal. The mixtures were filtered through Celite on 
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small Biichner funnels, the filter cakes washed five times with 5 ml. por- 
tions of water, and the clear filtrates diluted to 50 ml. 

The reducing values of these solutions were determined before and after 
inversion with invertase by the colorimetric method of Folin and Malmros 
(6), and the difference was taken as a measure of the sucrose content. 
Total fructose was determined by Roe’s method (7). This fructose value, 
minus half of the reducing value of sucrose after hydrolysis, gave the 
amount of free fructose. The amount of free glucose was estimated by 
subtracting the free fructose value from the reducing value of the original 
solution. 

Chromatographic Analysis—The chromatographic procedure used was 
similar to that described by Benson et al. and Calvin (8, 9). The extracts 
were applied at a point 3 inches in from each of two adjacent edges of 
18 X 24 inch Whatman No. | filter paper sheets in four 0.01 ml. aliquots, 
allowing time for drying between applications. The amount of activity 
applied to each paper was then determined with a Tracerlab SU-3A rate 
meter, and the chromatograms were developed with water-saturated phenol 
in the short dimension. When the solvent had reached the lower edges 
(24 hours), the papers were removed from the cabinet and dried overnight 
in a current of air at room temperature. The chromatograms were then 
developed in the long dimension with a mixture of 52 per cent n-butanol, 
13 per cent acetic acid, and 35 per cent water. After 18 hours, when the 
solvent reached the lower edges of the papers, they were removed from 
the cabinet and dried in air for 3 hours. 

Radioautograms were made by placing the papers in contact with 14 x 
17 inch Eastman medical “‘no-screen” x-ray films. The exposure times 
used in the preparation of these radioautograms were inversely propor- 
tional to the amount of C" activity initially applied at the origin of the 
chromatogram, so that visual comparisons of the relative distributions of 
radioactivity could easily be made between the members of a series. The 
standard exposure was arbitrarily chosen as 4 days for a paper with 4000 
¢.p.m. 

Preliminary identification of the radioactive compounds was based upon 
their Ry values in the two solvents employed. To facilitate identifica- 
tion, a reference chromatogram of the major constituents normally occur- 
ring in Canna leaf extracts (sugars, amino acids, and organic acids) was 
prepared. The identification of these constituents was made by preparing 
two-dimensional chromatograms of non-radioactive Canna extracts of vary- 
ing concentrations to which an authentic sample of a suspected constituent 
had been added. When an added component was found to exhibit the 
same chromatographic properties as a component in the extract, it was 
assumed that the two were the same. For making a tentative identifica- 
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tion of the major organic compounds by paper chromatography, the spray 
reagents used were a 0.2 per cent solution of m-phenylenediamine dihy- 
drochloride (10) for sugars, a 0.1 per cent alcoholic solution of ninhydrin 
for amino acids, and a 0.04 per cent alcoholic solution of neutral bromo- 
eresol green for organic acids (11). 

Confirmation of the identified compounds was made by cochromatog- 
raphy of the eluted radioactive spots with authentic specimens in a third 
solvent. A butanol-ethanol-water solvent (5) was used to differentiate 
between sugars and amino acids; butanol-formic acid-water (11) and etha- 
nol containing 5 per cent ammonia were used for identification of organic 
acids (12). 

The hexose monophosphates were identified by their Ry values, and 
their authenticity was confirmed by identification of the sugars obtained 
after enzymatic’ hydrolysis. Treatment with phosphatase (General Bio- 
chemicals, Inc.) yielded products that occupied the same spots as authentic 
glucose, fructose, and mannose when chromatographed together. 

Elution of the sucrose area and subsequent hydrolysis of the solution 
with invertase produced products that gave single spots when with glu- 
cose and fructose. The sucrose identified by paper chromatography was 
not attacked by the yeast Torula monosa, which ferments glucose, fructose, 
and mannose; however, the inversion products were readily fermented. 
The authenticity of glucose and fructose obtained from the hydrolyzed 
sucrose was confirmed by the fact that, when the eluted glucose spot was 
oxidized with bromine, a compound resulted that gave a single spot when 
with a known sample of gluconic acid in a propanol-ammonia solvent (13), 
whereas the suspected fructose eluate remained unchanged. Treatment of 
this radioactive gluconic acid with hydrogen peroxide in the presence of 
ferric acetate (14) yielded a compound that occupied the same spot as au- 
thentic arabinose when chromatographed together. Treatment of the 
suspected fructose eluate with dilute alkali in an atmosphere of oxygen 
resulted in a compound that yielded the same spot as authentic arabinose 
when chromatographed together (15). 

Isolation and Hydrolysis of Sucrose—The sucrose was isolated as follows. 
0.25 ml. aliquots of the aqueous solutions of the 80 per cent alcohol extracts 
were pipetted into 10 ml. beakers containing 1 ml. of water and 1 gm. of 
moist Duolite C-3 cation exchange resin. The mixtures were agitated for 
about 5 minutes, the supernatant solutions were filtered, and the resins 
washed twice with 1 ml. portions of water. The filtrates were collected 
in 10 ml. beakers containing 1 gm. of moist Duolite A-3 anion exchange 
resin, and after 5 minutes shaking the resins were filtered off and washed 
as before. A few drops of toluene were added to the partially deionized 
filtrates, and the solutions concentrated in a vacuum oven at 40°. 
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The concentrates were dissolved in 0.15 ml. of water, and 0.05 ml, of } 


each solution was applied, 0.01 ml. at a time, on filter paper for one. 
dimensional chromatographic development in the butanol-ethanol-water 
solvent. An authentic mixture of sucrose, glucose, and fructose was added 
at the margins, the lower edge of the paper was serrated, and the chromat. 
ogram was run for 3 days, the solution dripping off the edge. <A radio. 
autogram was made in order to indicate the positions of the radioactive 
sugars. Identification of the sugars was made by comparison of their po- 
sitions with those of the mixture of known sugars at the margins, after 
color development with m-phenylenediamine. The sucrose areas were 
eluted, hydrolyzed with invertase, and the products of hydrolysis rechro- 
matographed in the identical manner. The radioautogram of this second 
chromatogram indicated the positions of the glucose and fructose moieties 
of the sucrose samples so that the relative distributions of C™ activity 
between them could be determined. 

Counting Methods and Calculations—Radioactivity measurements were 
made with a Tracerlab rate meter (SU-3A) equipped with a detachable 
Geiger tube probe having a screened end window 1 inch in diameter. 
The instrument can be read with an accuracy of +5 per cent of its full 
scale deflection in ranges of 200, 2000, and 20,000 c.p.m. 

The relationship between the activity observed in counts per minute 
from samples counted on filter paper and the activity in microcuries is 
such that a solution containing 0.2 yc. of C'*-glucose, absorbed on What- 
man No. | filter paper in an area 14 mm. in diameter, gives a reading of 
15,000 + 1000 c.p.m. 

The total activity of each extract was determined by counting the 0.04 
ml. aliquots applied on filter paper sheets prior to chromatographic devel- 
opment. After two-dimensional chromatographic development and prep- 
aration of radioautograms, the radioactive areas corresponding to the posi- 
tions of glucose, fructose, and sucrose were located on the radioautogram 
and were traced onto the chromatograms. By counting the active areas of 
the sugars and comparing the counts with those obtained from the origi- 
nally applied extracts before they had been chromatographed, an estima- 
tion of the percentage distribution of activity among the glucose, fructose, 
and sucrose in the various alcohol extracts was made. 

In those cases in which the radioactive areas on the chromatogram were 
larger than the window of the Geiger tube, the area was counted in sec- 
tions by the use of metallic foil masks, and the total count in the area was 
estimated by summing the counts of the individual sections. When mix- 
tures of radioactive sugars of known activity were subjected to this chro- 
matographic method of separation and subsequent radioassay, the recov- 
eries were within the range of error of the counting instrument. 
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Because of the variation of the individual disks with respect to sugar 
content, the amount of radioactive sugar infiltrated, and the amount of 
carbon dioxide respired, it was preferable to plot the results in terms of the 
percentage distribution of activity in the 80 per cent alcohol extracts 
rather than in terms of specific activity. Such a representation conveys 
the same picture as that obtained by a visual examination of the radio- 
autograms obtained from the radioactive extracts. 

The residual activity of each set of the extracted disks which was not 
soluble in 80 per cent alcohol was determined by directly counting the ac- 
tivity of each individual disk. The dried extracted disks were of a thick- 
ness similar to that of Whatman No. 1 filter paper. Since the weight and 
composition of these two materials are similar, it was assumed that no 
appreciable error was introduced when the values obtained by direct count- 
ing of the flattened disks were compared with those obtained by counting 
aliquots of the alcoholic extracts absorbed on filter paper. 

With regard to the determination of the respired radioactive carbon 
dioxide, each sample in the series, except for the last one, represented the 
respiratory CO, of multiple sets of disks, and the value for one set of seven 
was calculated by dividing the value of carbon dioxide obtained at a par- 
ticular time interval by the appropriate number of sets. Inasmuch as the 
activity of the carbon dioxide respired in each set was calculated on the 
assumption that the activity respired by any one set in a given time inter- 
val is equal to the average amount of activity respired per set during that 
interval, the values are considered to be only approximate. 

The specific activity of the barium carbonate derived from the respired 
CO, was determined by a radioassay of known amounts of the barium car- 
bonate spread on copper plates. From the determination of total carbon 
dioxide collected and the specific activity of the barium carbonate obtained, 
the total amount of activity respired per set during a given time interval 
was calculated. 

C™ determinations with the Tracerlab meter showed that sugar samples 
counted either as anhydrous syrups on copper plates or as barium carbonate 
after combustion gave the same calculated specific activity values after 
correction for mass absorption of the compound employed. However, the 
count obtained on an aliquot of radioactive sugar solution absorbed and 
dried on Whatman No. 1 filter paper gave only 33 per cent of the activity 
of a similar aliquot when dried and counted on a copper disk. This value 
appeared to be constant over a range of 20 to 160 y of sugar. Therefore, 
in order to compare the activities of the fractions obtained by counting 
on paper with those counted as barium carbonate, the values obtained by 
the latter method were divided by 3. 

The amounts of activity in the three fractions (80 per cent alcohol- 
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soluble, insoluble residue, and respired carbon dioxide) for each time period 
were added together and the percentage of this total contributed by each 
of the fractions was calculated. 


Results 


Glucose Infiltration—Examination of the data in Table I indicates that 
the six sets of disks varied considerably with respect to the amount of 
radioactive glucose initially infiltrated. The total activity accounted for 
was 366,000 c.p.m., indicating that approximately 0.11 ml. of the infiltra- 


TABLE | 
Distribution of Activity in Fractions Derived from Respiring Canna Leaf Disks after 





Infiltration with 0.1 Per Cent Solution of C'4-Glucose 


Forty-two Canna leaf disks having a fresh weight of 3.8 gm. were infiltrated with 
3 ml. of a solution containing 3 mg. of glucose of 44 uc. per mg. of specific activity. 











Omin. | 15 min. | 23 min. | 83 min. | 161 min. | 363 min. 

C.p.m. cC.p.m. c.p.m c.p.m. c.p.m. C.p.m, 

Alcohol extract.............. | 100,000 | 32,250 | 50,000 | 37,500 | 47,000 | 23,800 
Leaf residues...............| 1,450 | 4,950 | 8,200 | 10,500 | 13,600 | 12,000 
Respired CO2, 0-15 min... .| 150 150 150 150 | 150 
- i eee ~ sc. 600 600 600 | 600 

«“ “ 9483 « |. 1,900 | 1,900 | 1,900 

- — i—e 3,800 | 3,800 

“ “ 162-363“ 8,000 
7” rer 150 750 2,650 6,450 | 14,400 


** C" accounted for...... 101,000 | 37,400 | 59,000 | 50,000 | 37,000 | 50,200 





ting solution was retained in the disks. This represents an average of ap- 
proximately 18 y of glucose per set of seven disks. 
. When the data in Table I are expressed as a percentage of the total C™ 
accounted for in each set of disks (Table II), it is evident that the loss in 
activity in the alcohol extracts with time is due to a rapid initial incorpora- 
tion of activity in the leaf disk residue? and a progressively increasing 
amount of activity respired as COs. 

Fig. 2 represents the distribution of activity in the sugars during the 
6 hour period in terms of percentage of the total activity in the alcohol 
extracts. It shows that the decrease in glucose activity is accompanied 
by an increase in sucrose activity and that both the glucose and fructose 
moieties of the sucrose possess C™ activity. Initially the sugar fraction 

* Hydrolysis of the leaf disk residues and identification of the products by chro- 


matographic analysis showed glucose, galactose, xylose, and arabinose to be the 
principal radioactive constituents. 
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contained 84 per cent of the activity of the alcohol extract; at the conclu- 
sion of the experiment it had dropped to 52 per cent. The loss in activity 
from the sugar fraction appears to be the result of metabolic transformation 
of the infiltrated substrate into other organic compounds. 


TaBLeE II 
Per Cent Distribution of C'* in Respiring Canna Leaf Disks after Infiltration with 0.1 
Per Cent Solution of C'*-Glucose 
Forty-two Canna leaf disks, having a fresh weight of 3.8 gm., were infiltrated with 
a solution containing 3 mg. of glucose of 44 we. per mg. of specific activity. 




















Respiration time, min.... papa ekee 0 15 23 83 161 363 
Activity in alcohol extract......| 98 86 85 74 70 47 
“ “ leaf residue... neg 1.5 13 14 21 20 24 
“ respired CO2...... 0 0.4 1.3 5.2 9.6 29 
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Fig. 2. Distribution of activity in the sugar fraction of the alcohol extracts of 
C-labeled glucose-infiltrated Canna leaf disks. 


Examination of the radioautogram (Fig. 3) shows that, immediately 
after infiltration of C'*-glucose, hexose phosphates and sucrose were formed, 
and, as would be expected, free glucose is the dominant spot on the film. 
After 15 minutes, the intensity of the sucrose spot approximated that of 
the glucose, and the hexose phosphates were still prominent as lesser con- 
stituents. The organic acids, citric, malic, glyceric, succinic, and lactic, 
and the amino acids, aspartic, glutamic, glutamine, and alanine, were be- 
ginning to appear. After 23 minutes, the sucrose contained more activity 
than the glucose, but the other compounds maintained an activity distri- 
bution similar to that after 15 minutes. By the end of 83 minutes (Fig. 
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4) the glucose activity was greatly diminished, the organic phosphates had 


disappeared, and there appeared to be a shift in activity from alanine to 
lactic acid. At the conclusion of the experiment, after 363 ‘minutes, the 


A 


ORGANIC PHOSPHATE 


GLUCOSE 
SUCROSE 


° 
- 64 


Fic. 3. Radioautogram showing the compounds formed from C-labeled glucose 
immediately after infiltration. The small amount of activity due to fructose, which 
is present as an impurity in the C-labeled glucose, has fallen to background intensity 
after 15 minutes. 
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SUCROSE oe GLUCOSE e 
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Fic. 4. Radioautogram showing the compounds formed from infiltrated C"-la- 
beled glucose after 83 minutes of respiration in the dark. 


bulk of the remaining activity resided in the sucrose. Some residual glu- 
cose activity was evident, but the glutamic acid possessed most of the ac- 
tivity among the lesser constituents. 

Although no labeling was found in free fructose, considerable activity 
was present in the fructose moiety of the radioactive sucrose synthesized 
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during the experiment. The C“ activity ratio of the glucose component of 
sucrose to that of the fructose component was 1.5:1. This ratio remained 
fairly constant during the experiment. 

Whereas an interpretation of the data obtained from the radioautograms 
indicated that the radioactive glucose pool in the tissue was exhausted 
at the expense of sucrose synthesis, a quantitative analysis of the sugars 


present in the extracts, though showing considerable variation in the sugar 


TaBLe III 


Sugar Content of Canna Leaf Disks Infiltrated with 0.1 Per Cent of C'*-Glucose after 
Various Time Periods 














Total sugar Sucrose Glucose Fructose 
Fa min. mg. per cent per cent per cent 
Control 12.7 61 20 18 
0 9.9 51 18 30 
15 13.1 61 19 17 
23 11.4 54 7 36 
83 9.7 46 19 32 
161 9.8 43 20 | 34 
363 5.7 49 16 | 34 
TaBLe IV 


Per Cent Distribution of C4 As Function of Time in Respiring Canna Leaf Disks, after 
Infiltration with 0.17 Per Cent Solution of C“-Fructose 
Forty-two Canna leaf disks, having a fresh weight of 3.75 gm., were infiltrated 
with 10 mg. of fructose of 29 ue. per mg. of specific activity dissolved in 6 ml. of 
water. 








acne cada stevdWleevsseven 





0 7 «| 40 92 215 380 
<n . a Se Wemae | 
Activity, aleohol extract..... 100 | 99 | 97 | 90 | 80 73 
*  leafveciducs.......| 0.2 | 13 | 24 | 33 |] 33 | 5.0 
“ — respired COz......| 0 | 0.1 | 0.9 | 6.3 | 17 22 





content of the samples, indicated neither synthesis of sucrose nor an ex- 
haustion of glucose (Table III). 

Fructose Infiltration—The results of infiltration with C'-labeled fructose 
were similar to those obtained with C'*-labeled glucose. The relative dis- 
tribution of activity is given in Table IV. The total activity accounted 
for in the fractions amounted to 813,000 c.p.m., indicating that about 0.23 
ml. of the infiltrating solution had been retained in the tissue. In terms 
of fructose, this represents an average of 60 y per set of seven disks. Here, 
as in the case of the glucose-infiltrated tissue, there can be noted a steady 
decrease in the percentage of activity remaining in the alcohol extracts, 
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although the decrease appears to be slower. Similarly, there is a steady 
increase in the percentage of C" activity respired as carbon dioxide. ( nly 


a relatively small percentage of the total activity was incorporated in the 
alcohol-insoluble fraction (Table IV). 


o Sucrose 
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Fie. 5. Distribution of activity in the sugar fraction of the alcohol extracts of 
C-labeled fructose-infiltrated Canna leaf disks. 


TABLE V 


Sugar Content of Canna Leaf Disks Infiltrated with 0.17 Per Cent of C'4-Fructose after 
Various Time Periods 





























Time Total sugar | Sucrose | Glucose | Fructose 
min | mg. | per cent | per cent per cent 
Control 11.5 | 53 13 31 
0 10.1 | 60 | 12 25 
17 9.9 | 55 17 25 
40 | 8.3 | 53 | 12 32 
92 9.9 64 ll 21 
215 | 10.5 66 10 20 
380 | 10.5 61 12 24 


The shift in distribution of activity among the sugars was analogous to 
that observed when glucose was infiltrated. Fructose activity was lost at 
the expense of sucrose synthesis (Fig. 5) and catabolic transformations. 
The sugar fraction constituted 96 per cent of the activity in the alcohol 
extract at the beginning of the experiment. This value fell to 65 per cent 
at the end of the 6 hour respiration period. 

The radioautograms obtained from the fructose-infiltrated disks were 
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similar to those obtained by infiltration of glucose, except for the reversal 
of the radioactive labeling. 

Although free glucose never appeared on the radioautograms, resolution 
of the sucrose synthesized from active fructose into its constituents showed 
that the glucose contained approximately 40 per cent of the activity in the 
sucrose molecule (Fig. 5). 

A quantitative analysis of the sugars present in the extracts showed that 
the total sugar concentrations as well as the per cent glucose, fructose, and 
sucrose did not appreciably change throughout the experiment (Table V). 

Sucrose Infiltration—When radioactive sucrose containing equal amounts 
of C* in the glucose and fructose moieties of the molecule was infiltrated 
into the leaf disks, the percentage distribution of C™ activity among the 
alcohol extract, residual-insoluble material, and respired carbon dioxide 


TaBLe VI 
Per Cent Distribution of C'* As Function of Time in Respiring Canna Leaf Disks after 
Infiltration with 0.4 Per Cent Solution of C'*-Fructose-Labeled Sucrose 
Forty-two Canna leaf disks, having a fresh weight of 2.9 gm., were infiltrated with 


3 ml. of a solution containing 12 mg. of C'*-fructose-labeled sucrose with a specific 
activity of 14 ue. per mg. 




















alls SSR cers o | 3 | 40 100 | 175 355 
Activity, alcohol extract......} 99 | 98 | 87 | 83 | 81 77 
. leaf residues........ | 0.8 | 1.6 99 |} 11 | 10 | 6.2 
“  respired CO... ... | 0 | 0.1 26 | 6.1 | 8.9 | 17 





over a 6 hour period was similar to that obtained when either glucose or 
fructose was used. However, examination of the constituents in the alco- 
hol extracts showed that, immediately after C'-labeled sucrose infiltra- 
tion (zero time), only 15 per cent of the C“ activity was found in sucrose, 
40 per cent in free fructose, 30 per cent in glucose, and 15 per cent in the 
hexose monophosphates. As time progressed, the percentage of activity 
in the free hexose sugars and hexose phosphates decreased, whereas that 
in the sucrose, amino acids, and organic acids increased. After 6 hours 
respiration, sucrose appeared to be the major radioactive product, con- 
stituting 52 per cent of activity in the alcohol extract. These results in- 
dicate that, during infiltration, the sucrose must have been hydrolyzed 
to its monosaccharide constituents, which in the course of time were re- 
synthesized to sucrose. As in the experiments with labeled glucose or 
fructose, chemical analysis of the samples revealed no major changes in the 
concentrations of the various sugars during the respiration period. 

In order to verify these results and to ascertain whether or not any dif- 
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ferences existed between the reactions involving the two moieties of the 
sucrose molecule, sucrose labeled with C"* only in the fructose half of the 
molecule’ was used as the infiltrating substrate. The results of this experi- 
ment (Table VI) showed a distribution of activity in the three fractions 
similar to that observed when C-labeled fructose was infiltrated. The 
total activity accounted for was 290,000 c.p.m., which is equivalent to an 
infiltration of 0.07 ml. of solution into the tissue. In terms of sucrose, 
this represents an average of approximately 47 y per sample of seven disks, 

Analysis of the alcohol-soluble fraction showed the same sequence of 
events as that noted when sucrose with equally labeled moieties was in- 
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Fig. 6. Distribution of activity in the sugar fraction of the alcohol extracts of 


Canna leaf disks infiltrated with sucrose labeled with C™ only in the fructose half of 
the molecule. 


filtrated; that is, an initial decrease of C“* activity in sucrose followed by a 

_progressive increase in activity of this disaccharide (Fig. 6). Initially the 
sugar fraction constituted 100 per cent of the C“ activity in the alcohol 
extract; at the end of the experiment this value had fallen to 70 per cent, 
of which 60 per cent resided in the sucrose. There was no evidence for 
the occurrence of free glucose at any time during the 6 hour period, yet 
resolution of the synthesized sucrose into its constituents showed that both 
the glucose and fructose were radioactive. 

When sucrose labeled only in the fructose moiety was used as a substrate, 
it was possible to differentiate between the infiltrated sucrose and that 
synthesized in the tissue from the inversion products of the sucrose, since 

’ This sucrose was prepared by a modification of the enzymatic method of Wolo- 


chow et al. (16), but the procedure was modified so that the sugar could be isolated 
chromatographically with a high specific activity. 
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the resynthesized sucrose also contained activity in the glucose portion of 
the molecule. Fig. 6 shows that, at the time the first sample was taken 
(zero time), about 40 per cent of the infiltrating substrate had been hy- 
drolyzed. Within the next 15 minutes approximately 85 per cent had 
been inverted before the hydrolysis was masked by resynthesis. When 
the zero time sample was taken, resynthesis of sucrose had already occurred 
to at least the extent of 3 per cent, as demonstrated by the amount of label 
introduced into the glucose moiety of the sucrose. As in the previous ex- 
periment, chemical analysis of the sugars in the tissue gave no indication 
of either an inversion or a synthesis of sucrose (Table VII). 


TaBLe VII 


Sugar Content of Canna Leaf Disks Infiltrated with 0.4 Per Cent Solution of 
C'-Fructose-Labeled Sucrose 


. : rr | 
Time Total sugar Sucrose | Glucose 











| Fructose 

min. mg. per cent per cent per cent 
Control 11.9 66 | 11 23 
0 11.5 67 10 23 
15 11.3 | 63 16 | 22 
40 10.5 66 | 12 22 
100 9.8 65 10 25 
175 9.4 59 16 25 
355 10.4 62 15 23 

DISCUSSION 


Vacuum infiltration appears to be an effective method for introducing 
a solution into the vessels and intercellular spaces of plant tissue so as to 
bring compounds in intimate contact with the seat of metabolic activity. 
When radioactive sugars were infiltrated and the tissues allowed to respire 
in the dark, the metabolic transformations could be followed by an exami- 
nation of a radioautogram series. Although the analytical data did not 
indicate any significant changes in the relative sugar concentrations within 
the tissues during the course of the experiments, the observed transforma- 
tions of the infiltrated C'*-labeled substrates disclosed the general metabolic 
changes in the tissue. 

The significant fact brought out in this investigation is that, when either 
radioactive glucose or fructose is infiltrated into Canna leaf tissue, the 
metabolic products immediately formed are organic phosphates, chiefly 
hexose monophosphates and sucrose. The sucrose appears to be readily 
formed at the expense of either of the two monosaccharides. Thus, the 
uncertainty of the conclusions of the previous investigators (1-3), that 
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sucrose might have been formed from some reserve carbohydrate material 
because of a change in physiological conditions in the plant due to sugar 
infiltration, has been eliminated. 

The fact that no radioactive free fructose could be detected when (™ 
glucose was infiltrated, nor free radioactive glucose found when C"*-labeled 
fructose was introduced, but that in each case both of the monosaccharide 
moieties in the sucrose were strongly radioactive, indicates that neither 
free glucose nor free fructose is involved in sucrose synthesis. A mecha- 
nism for sucrose synthesis in this plant, such as exists in the case of the 
enzyme from Pseudomonas saccharophila (17, 18), «an therefore be elimi- 
nated. If this system were operating, labeled glucose-1-phosphate, pre- 
sumably formed from the infiltrated C'*-labeled glucose, would combine 
with free fructose through a dephosphorolytic condensation, forming su- 
crose. Inasmuch as no free radioactive fructose could be detected in the 
tissue, the fructose would inevitably have been derived from the unlabeled 
natural supply in the plant. The sucrose would therefore be expected to 
be labeled predominantly in the glucose moiety, which is not the case. 

Since the sucrose contained activity in both of its monosaccharide con- 
stituents, and since there was no activity in the free fructose when C™ 
labeled glucose was infiltrated nor any activity in the free glucose when 
C'4-fructose was infiltrated, the indication is that there was no active in- 
vertase system present in the intact leaf tissue that would hydrolyze the 
disaccharide during the course of the experiment. However, inasmuch as 


C-labeled sucrose was rapidly inverted when an attempt was made to | 


infiltrate it into the Canna leaf disks, it may be concluded that in the tissue 
the sites of invertase activity and sucrose synthesis are spatially separated 
from each other. In all probability, the infiltrated sucrose was hydrolyzed 
extracellularly, and the resultant glucose and fructose were resynthesized 
into sucrose after entry into the intact cells. It has been observed that the 
‘excess infiltrating solutions contained no sucrose when the C"-labeled 
monosaccharides were infiltrated; however, when C'-labeled sucrose was 
infiltrated, the external solutions contained both C'*-labeled glucose and 
fructose. Additional experimental evidence is also available at present, 
which will be reported at a later date, that the hydrolysis of sucrose is the 
result of contact with the disrupted cells at the periphery of the leaf disks. 

The C" activity of the hexose monophosphates (phosphates of glucose, 
fructose, and mannose) appears to be highest at the first stages of sucrose 
synthesis when the rate of increase in activity of the disaccharide is at a 
maximum. When sucrose becomes the dominantly labeled compound, the 
activity in the hexose monophosphates disappears. These observations 
suggest that phosphorylated glucose and phosphorylated fructose serve as 
precursors of sucrose. 
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Whereas the C" activity data indicate about 95 per cent utilization of 
the infiltrated substrates, the analytical data show little change in the size 
or composition of the sugar pools in the tissue. This observation suggests 
that the infiltration of small amounts of C'*-labeled sugars inside the cells 
does not result in the labeling of the corresponding sugar pools. The fact 
that the carbohydrate pools are not labeled can be explained on the basis 
that the infiltrated labeled sugars are rapidly transformed into other com- 
pounds prior to equilibration with the relatively large amount of the non- 
radioactive sugars present in the plant. It is possible that the glucose and 
fructose are phosphorylated at the cell wall and do not become free sugars 
within the cell. 


SUMMARY 


The transformations of C'*-labeled glucose, fructose, and sucrose were 
studied in disks of Canna indica leaves during the course of 6 hour respira- 
tion periods in the dark. Infiltration of either radioactive monosaccharide 
caused a rapid appearance of radioactive sucrose and radioactive hexose 
monophosphates. 

When C'-labeled glucose was infiltrated into the leaf disks, the per- 
centage of the total C™ activity in this sugar rapidly decreased, while that 
of the sucrose showed a parallel increase. No activity could be detected 
in the free fructose. However, when the sucrose was hydrolyzed to its 
monosaccharide constituents, the activity of the fructose was comparable 
to that of glucose. 

Likewise, infiltration of C'*-labeled fructose resulted in a decrease of C'- 
fructose activity and in a simultaneous steady increase in the amount of 
C* activity in the sucrose. There was no activity in the glucose but, as in 
the case of C'*-labeled glucose infiltration, the glucose and fructose pro- 
duced by hydrolysis of this sucrose did not vary greatly in their activities. 

The sucrose does not seem to be formed by a mechanism involving either 
free fructose or free glucose. The synthesis of the disaccharide probably 
involves a dephosphorolytic condensation of phosphorylated derivatives of 
glucose and fructose. 

Although there was no indication of the presence of invertase or phos- 
phatase activity in the intact cells, infiltration of C'*-labeled sucrose re- 
sulted in an immediate hydrolysis, presumably extracellular, into its mono- 
saccharide constituents. The resultant glucose and fructose were rapidly 
resynthesized into sucrose after entry into the intact cells. 

In addition to hexose phosphates and sucrose, the infiltrated radioac- 
tive sugars also produced labeled aspartic and y-aminobutyric acids, ala- 
nine, glutamine, citric, malic, glyceric, succinic, and lactic acids. 
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4 METHOD FOR THE INDEPENDENT DETERMINATION OF 
CYSTEINE AND CYSTINE IN PROTEINS 


By R. D. STRICKLAND, E. L. MARTIN, anv J. L. RIEBSOMER 


(From the Department of Chemistry, University of New Mezico, 
Albuquerque, New Mezico) 


(Received for publication, August 10, 1953) 


There are a number of analytical procedures for the determination of 
cysteine in the presence of cystine, but all of them depend upon having the 
two substances as free compounds. It has not been possible to determine 
the separate amounts of cysteine and cystine groups in protein molecules 
because no means have been available for preventing interconversion of 
the two compounds during hydrolysis. 

A method for the separate determination of cystine and cysteine as they 
exist in proteins should be of value in the study of physiological oxidation- 
reduction processes involving the reversible conversion of two sulfhydryl 
groups to a disulfide link. Such a method should also make possible the 
investigation of the effect of sulfur linkages on the properties of the keratins 
and other proteins. 

This paper describes a method which was developed to meet the need 
for independent determinations of these two amino acids in proteins. 


M elt hod 


The separation of cysteine and cystine is based upon the condensation of 
cysteine and formaldehyde, a reaction which has been studied by Ratner 
and Clarke (1). 


CH.SH CH:—\ 


CH, + H.0 
CHNH: + H.CO > CH—NH/% 


CO.H CO.H 


Cystine does not condense with formaldehyde in this way, because it 
does not possess the necessary sulfhydryl hydrogen. The thiazolidine ring 
that is formed in the above reaction is stable to the conditions of hydrolysis 
which will be described, and hence cystine can be isolated and determined 
without interference from cysteine. Cysteine, on the other hand, can be 
determined, after removal of interfering methionine, by direct oxidation 
of the thiazolidine ring to sulfate and precipitation of the sulfate with 
barium chloride. 

The details of the procedure are given here in outline form. 
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1. Use a sample which contains about 20 mg. of cysteine and cystine. 
Grind to facilitate contact with reagents. 

2. Place the sample in a 50 ml., screw-capped, centrifuge tube and add 
enough 10 per cent formalin (sulfur-free) to cover the sample. Place in q 
water bath at 50° and allow to stand overnight. 

3. Add a volume of acetone to the sample which is equal to the volume 
of formalin that was added in step (2). The acetone serves to precipitate 
any dissolved proteins and to dry the sample. Centrifuge at a moderate 
rate of speed to separate the sample from the supernatant mixture of ace. 
tone and formalin and decant. Wash the sample twice more with acetone 
to remove the excess formalin and to complete drying the sample. 

4. Cover the sample with acetic anhydride and warm the sample on a 
steam bath for 15 minutes. This treatment serves to bring the condensa- 
tion of cysteine and formaldehyde to completion. 

5. Hydrolyze the sample by adding 6 N HCl. The actual volume of HC] 
depends upon the nature of the sample. 10 ml. are usually sufficient, 
Hydrolysis is usually complete after standing overnight at 70-80°. 

6. Evaporate the sample to dryness, in vacuo, to remove excess HCl. 

7. Dissolve the sample in distilled water and transfer to a 250 ml, 
beaker. Adjust the pH to 2.0. 

8. Add approximately 2.5 mg. of cuprous oxide (prepared by the method 
of Zittle and O’Dell (2)) for each mg. of cystine inthe sample. Adjust the 
pH of the solution to 4.5 with 1 n NaOH. A precipitate of cuprous mer- 
captide will form which contains all of the cystine of the sample. The 
cuprous mercaptide is separated and determined by the method of 
Vickery and White (3), except that a Parr bomb is employed in prefer- 
ence to their oxidation mixture as a means of converting the cystine sulfur 
to sulfate. 

9. The supernatant liquid from step (8) contains the cysteine of the 
‘sample in the form of thiazolidinecarboxylic acid, as well as any methionine 
that may be present in the sample. Separate the methionine by pre- 
cipitation with cuprous copper after demethylation with hydriodic acid 
according to the method of Beach and Teague (4). 

10. Evaporate the methionine-free sample to dryness and transfer the 
residue to a Parr bomb. The use of 500 mg. of benzoic acid as a dry wash 
greatly facilitates this transfer and serves to promote combustion of the 
sample in the bomb. After oxidation to sulfate in the Parr bomb, cysteine 
is determined gravimetrically as BaSQx. 


EXPERIMENTAL 


The conditions best suited to the separation of cysteine and cystine were 
determined by a series of preliminary experiments. 
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acetylated cysteine, and of reduced glutathione (Schwarz Laboratories, 
Inc., New York) were treated with formaldehyde. The time, temperature, 
pH, and concentration of formaldehyde were varied systematically. The 
completeness of the reaction was tested by precipitating the residual cys- 
teine with cuprous oxide. The formation of a precipitate of cuprous mer- 
captide indicated that the cysteine-formaldehyde condensation had not 
yet reached completion. 


TaBLeE | 
Recovery of Cysteine and Cystine from Prepared Samples 
The cystine was recovered as cuprous mercaptide after treatment of the samples 
with formaldehyde, while cysteine was recovered from the solution after the same 
treatment, formaldehyde having rendered it immune to precipitation with cuprous 
oxide. See the text for details of the procedure. 


| 



































Cysteine Cystine | Cysteine and cystine 
Trial No. Cysteine | Cystine 
| Weight | Recovery | Weight | Recovery | — Sane HERRON: 
Weight | Recovery | Weight | Recovery 
ee ee ee ae BE es ae 
| meg. per cent mg. per cent mg. | per cent mg. per cent 
I | 13.7 | 100.0 13.3 | 95.5 12.1 | 100.8 15.1 100.0 
II | 13.7| 98.8 | 13.3] 96.2 | 12.1/| 100.8 | 15.1) 98.7 
II | 13.7 | 100.7 | 13.3] 97.0 | 12.1 103.2 | 15.1 | 101.5 
IV | 31.2 | 100.0 13.3 | 96.2 15.7 102.5 13.8 | 101.5 
V | 25.6 | 100.0 12.6 | 100.8 16.8 | 101.7 12.2 | 99.7 
VI 19.9 | 100.4 12.6 | 102.4 16.8 | 99.1 12.2 | 100.9 
VII 12.6 | 100.3 12.6 | 101.6 16.8 | 100.0 | 12.2 | 100.0 
Mean % recovery... | 100.3 98.53 101.2 | 100.3 
See | +£0.56 +3.10 1.32 | +£0.95 
ae | +0.21 +1.17 +0.41 | +0.36 
95% el...... | +0.50 | £2.77 1.17 | +0.85 














§.d. represents the estimate of the standard deviation, s.m. the estimate of the 
standard deviation of the mean, and c.]. the confidence limit. 


It was found that cysteine and its derivatives at 50°, pH 7, in the pres- 
ence of 10 per cent formalin were completely protected from precipitation 
by cuprous oxide at the end of 12 hours. After water and the excess 
formaldehyde were removed, acetic anhydride was used to bring the cys- 
teine-formaldehyde condensation to completion. 

Cystine, acetylated cystine, and oxidized glutathione, on the other hand, 
were found to precipitate quantitatively with cuprous oxide after the above 
treatment. 

The absolute amounts of cysteine and cystine, as separate substances, 








Jo) 
S 
7) 









































2552 3 = a ¢:35| BCR BStaeeRBSes 
| l l 
90°2F | $2'0F 6h IF | GF OOT | 9°ZOT | 6°86 | O'IOL | 2°66 | paiaaooe1 % 
2 8°62 | 8°62 | 8°62 | 8°62 | “Bu “441M 
& Geer | 18 0F | ZIFF | $'00T | O'OOT | #°26 | F'IOL | F'IOT | pareaooer % | auoly4 
a Z 9% Z°92 Z'9% 2°92 “Bur ‘qyFIaM -84N][Z paezipixo puv suUOIYyyeyN][Z peonpey 
5 60° 3F CL‘ 0F Oc’ I+ | OF'66 | £°86 TOOT | S° TOT | 2°26 paraaodar Y, 
a 8°6Z | 86% | 86% | 86% | “Bur “Gy3IoM » pezIpixO 
a el oF tL OF St’ IF | 20°66 6°96 | 6001 | 8°66 | 2°86 peraao0o0e1 % 
fea) 2°93 o'9% 2°93 Z'9G “Bur ‘qyZIoM sUOIYeINY]S poonpeszy 
Z. SI'S | 89L°OF | SZS° IF | Z8°OOL | O'TOT | S°SOL | O'OOT | 1°66 paraaoval % 
> OI | OI | OIE | OIE | “Bur “4ysrom 
e rE IF 8b OF 96°0*F | 9°O0OT | 9°OOT | 66 | SOOT | T°Z0T parsaoosa1 Y% 
o €°Fl €°FI €°FI £°FI “Bur ‘yyFIOM eulysA9 pozelAyooe puv oureysAd poqye[Ayooy 
& €6°OF | It OF | €89°OF | SF'IOT | 8°OOT | 8°TOT | F'ZOT | 8°OOT peraaooal Y% 
7, OSI | 9S | OSI | 9ST “Bur ‘yy FIOM eurysfo 9 
° 6S OF | €1Z'OF | Lab’ OF | SE°66 €°66 | O'OOT | 8°86 €° 66 paiaao00a1 Y% 
- Rt 1 £3 1 Fei ise “Bur ‘yySIOM euleysho poze[Ajooy 
Zz —— ee eee Hee eee 
: dso. =e ‘P'S que0 19d AI (PRL I PL | Wee L | Tree ajdures Jo uol}soduio>) 
eB 6 uvayq ‘it 
a) 
a 


sdnoip 49Y10 07 payurT fyyvovmayy uey yy euyship pun aurajship fo uownundag pun fhsaaovaeay 


IJ @IavyL 


yi 











ase saa 


STRICKLAND, MARTIN, AND RIEBSOMER 907 


are not known for any protein. For this reason it was not possible to 
demonstrate the validity of this method by direct means. In the absence 
of a protein of known composition for use in testing the method, it became 
necessary to establish four crucial facts: (a) that cysteine and cystine can 
indeed be separated upon the basis of the formaldehyde condensation, (b) 
that the peptide linkage does not prevent this condensation, (c) that the 


TaBieE III 
Separation of Cysteine and Cystine Derivatives in Presence of Protein 


20 mg. of gelatin for each mg. of sulfur-containing acid (as cysteine) were added 
to each of these prepared samples. 











Composition of samples 





- | 
Acetylated cysteine and acetylated Reduced glutathione and 
































cystine oxidized glutathione 
Trial No. ————$—$—$———— | * 
Acetylated Acetylated Reduced Oxidized 
cysteine cystine glutathione glutathione 
Weight |Recovered | Weight Recovered | Weight [Recovered Weight Recovered 
mg. | per cent mg. | per cent mg. per cent mg. per cent 
I 12.2 | 100.8 | 15.1 | 101.3 | 37.5 | 100.9 | 41.2| 99.9 
II 19.8 | 101.1 20.9 | 99.5 37.5 | 102.6 41.2 98.7 
III 21.2 | 100.4 | 24.7 100.9 | 37.5 | 99.8 | 41.2 | 98.4 
IV 25.8 | 98.4 | 27.2 | 100.0 | 37.5 | 101.0 | 41.2 | 100.0 
V 27.7 | 100.0 | 27.7 | 100.0 | 37.5 | 100.2 | 41.2 | 101.3 
VI 41.4 | 100.1 41.8 | 100.8 | 37.5 | 100.4 | 41.2 | 100.7 
VII 48.7 100.2 | 48.7 | 100.8 | 37.5 | 101.1 41.2 | 101.1 
Mean % recovery .. | 100.3 | 98.53 | 101.2 100.3 
SR cP eihos on i +0.72 | 40.59 +0.84 +1.04 
8 ee + | +0.27 | +0.22 | +0.32 +0.40 
ee ’ +0.63 +0.53 +0.76 +0.94 








presence of protein does not interfere, and (d) that consistent results can 
be obtained by using multiple samples of actual proteins. 

The separation of cysteine and cystine is shown to be feasible by the 
data in Table I. Reduced glutathione and glutathione, as well as acetyl- 
ated cysteine and cystine, were used to determine whether or not the pep- 
tide linkage or acetylation would inhibit the thiazolidine condensation 
(Table II). It was shown that the presence of protein does not affect the 
condensation by carrying out separations of cysteine and cystine (both 
in the acetylated form and as glutathione and reduced glutathione) on pre- 
pared samples containing 20 mg. of gelatin for each mg. of sulfur-contain- 
ing amino acid (Table III). The gelatin used for this purpose was found 
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to contain less than 0.1 per cent total sulfur, an amount that was taken 
as negligible. 

Crystalline egg albumin was chosen for the determination of cysteine 
and cystine in actual protein combination. Analyses of samples of this 
material by the method of Vickery and White (3) established the total 
cysteine and cystine content (as cystine) as 2.2 per cent. It is probable 


TaBLeE IV 
Determination of Cysteine and Cystine in Ovalbumin Which Was Especially 
Treated to Contain Varying Amounts of Cysteine and Cystine 
Samples were prepared by mixing varying proportions of ‘‘reduced”’ and “‘oxid. 
ized” ovalbumin. See the text for details of preparation. 

















Composition | bei, 
of sample | Per cent cysteine in sample Per cent cystine in sample 
parts 
ra Pa > = 
Sampl ws S r- 
No legieg| | zles| | | 2 | oy 
42/92 |.|=| 5 B =/8).j/al8]2 | 3 | a 
Selee isle] alz\8!\2ls8lalalalael]a2) 3 
Zs | 8s SElz| fe lel Sila li SFieRliRILFI=E & ia | se 
: | = ae ae ne Se il ee 2/0/48 
a a =e | = ; 5 a. 
I} 0 | 4 (0.3/0.6) 0.4 0.50.40 10.7\10.7|10.5}10. 4/10 . 58} 
II | 0 8.5/8 5) 8.7 |8.8/8.62 | 1.8) 1.9) 2.2| 2.4) 2.08 
III 1 3 |2.4/2.6, 2.5 |2.4'2.47\2.45|100.9| 8.9) 8.8] 8.7) 8.6| 8.77/8.47 103.6 
IV 2 2 (4.64.6) 4.7 4.8)4.674.46)105.0) 6.3) 6.8) 6.4) 6.2) 6.42)6.34 101.2 
V | 3 1 (6.9/6.7) 7.1 6.9)6.90 6 .49|106.4 4.7| 4.3] 4.8| 4.6] 4.60/4.21 109.2 
' | 1 } ' | ! 
pee ae 3 a ; 1 
SSN ee ereee | 2.92 | 4.09 
RES See See | 1.63 2.46 
95% c.l. for % 
recovery.......| 104.1 + 7.0 | 104.7 + 12.1 
| a . 
= - See 2.56 2.82 
(s.w.)? 








* Comparison of variances at 3 and 4 degrees of freedom, where s.w. is the esti- 
mate of the standard deviation of the mean obtained by pooling the data from 


Tables I, II, and III. 


that no cysteine was present in the albumin, since no positive test for 
sulfhydryl could be obtained by the nitroprusside reaction. A 2.50 per 
cent solution of the albumin in physiological saline was prepared. This 
solution was divided into two equal portions, one of which was made 0.2 n 
with sodium acetate and then adjusted to pH 5 with glacial acetic acid 
This portion was reduced overnight by allowing it to stand, under mineral 
oil, with 0.2 per cent sodium amalgam. Following this treatment, a strong 
nitroprusside test was obtained, indicating the presence of sulfhydryl 
groups. The second portion was aerated overnight by allowing a stream of 
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air to bubble through it in order to oxidize any sulfhydryl groups that 
might be present. Samples for analysis were prepared by mixing aliquots 
of the oxidized and reduced solutions of ovalbumin. The results of these 
analyses are presented in Table IV. 


DISCUSSION 


The data in Tables I, II, and III indicate that cysteine and cystine can 
be separated quantitatively by the use of the formaldehyde reaction, even 
when these amino acids are acetylated or are in peptide linkage. Appli- 
cation of the F test to the pooled data from Tables I to III gives F = 3.36 
for cysteine and 2.03 for cystine. These values are at or below the critical 
value of 3.36. This indicates that the behavior of cysteine towards form- 
aldehyde, for the purposes of this paper, is not affected by the presence 
of peptide linkages. The 95 per cent confidence limits as established by 
these pooled data are +2.1 per cent for cysteine and +3.0 per cent for 
cystine. The separation of cysteine from cystine in prepared samples of 
ovalbumin containing known amounts of cysteine, as reported in Table IV, 
is interpreted as follows: It is assumed that only about 80 per cent of the 
cystine in the “reduced” ovalbumin was reduced to cysteine, and that a 
small amount of the cysteine in the ‘‘oxidized”’ ovalbumin remained in the 
sulfhydryl form. The expected amounts represent the amounts calculated 
from the data for Samples I and II in Table IV. It will be seen that the 
measured amounts agree with those which were predicted within the 95 
per cent confidence limits established by pooling the data from all other 
tests. Comparisons of the variances (Table IV) give F values within the 
limits of F max. (3.36) as established by pooling the data from all other tests. 
This indicates that cysteine and cystine in ovalbumin were determined 
within the limits of the precision of the test. This regular increment can 
only mean that the formaldehyde condensation is selective for cysteine 
under the conditions of the method. 

Analyses are being carried out on a number of naturally occurring pro- 
teins at the present time by the method described in this paper. The 
results of these analyses will be the subject of another paper. 


SUMMARY 


A method for the separate determination of cysteine and cystine is de- 
scribed. This method is based on the observation that formaldehyde con- 
denses quantitatively with cysteine under conditions that do not affect 
cystine. Following condensation, cystine is precipitated as the cuprous 
mercaptide, while cysteine remains in solution as thiazolidinecarboxylic 
acid. The method is tested with the free amino acids, derivatives of the 
acids, and with ovalbumin. The precision of the method for cysteine 
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within 95 per cent confidence limits is +2.1 per cent, while for cystine 
it is +3.0 per cent. 


This work was supported in part by a fellowship grant from the National 
Heart Institute of the United States Public Health Service. 
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ENZYMATIC SYNTHESIS AND BREAKDOWN OF A 
PYRIMIDINE, OROTIC ACID 


Il. DIHYDROOROTIC ACID, UREIDOSUCCINIC ACID, AND 
5-CARBOX YMETHYLHYDANTOIN* 


By IRVING LIEBERMAN? ann ARTHUR KORNBERG 


(From the Department of Microbiology, Washington University School of Medicine, 
St. Louis, Missouri) 


(Received for publication, October 28, 1953) 


Considerable evidence has accumulated from studies in vivo and with 
tissue slices indicating that orotic acid (4-carboxyuracil), or a closely related 
compound, is a precursor of the pyrimidines in nucleic acid (1-6). In order 
to study the pathway of orotic acid metabolism at the enzymatic level, a 
source material capable of metabolizing large amounts of orotic acid was 
sought. Such a system was found in an orotic acid-fermenting bacterium, 
Zymobacterium oroticum, isolated from mud by enrichment culture (7). 
Although fermentation studies with growing or resting cultures indicated 
a fairly extensive degradation of the pyrimidine to ammonia, COs, acetic 
acid, and a dicarboxylic acid (or acids), the use of enzyme fractions from 
broken cell preparations of the organism resulted in the accumulation of 
more complex derivatives. 

With cell-free extracts and partially purified enzyme preparations, evi- 
dence has been obtained to support the accompanying scheme for orotic 
acid breakdown and synthesis. 

Reaction 1, the reversible reduction of orotic acid, is catalyzed by di- 
hydroorotic dehydrogenase, the purification and properties of which have 
been described (7). The reversible hydrolysis of t-dihydroorotic acid to 
yield the acyclic L-ureidosuccinic acid (Reaction 2) is mediated by an 
enzyme to be referred to as dihydroorotase. In Reaction 3, L-ureidosuc- 
cinie acid is recyclized to L-5-carboxymethylhydantoin; the enzyme re- 
sponsible for this reaction will be referred to as 5-carboxymethylhydan- 
toinase. 

The purpose of this report is to present evidence for Reactions 2 and 3 
and to describe some of their properties. 


*This investigation was supported by a grant from the National Institute of 
Arthritis and Metabolic Diseases, National Institutes of Health, United States 
Public Health Service. 

t Aided by a fellowship from The National Foundation for Infantile Paralysis, 
Inc. 
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(1) HN—C=0O HN—C=0O 
Pay CH + DPNH + H+ S$ O=C CH: + DPN+ 
wes _ ie on 
Orotic acid L-Dihydroorotic acid 
(2) HN—C=0O H:N COOH 
O=C CH, + H:0 o=¢ he, 
i Sgueaoere > i Sayer 
u-Dihydroorotic acid L-Ureidosuccinic acid 
(3) HN—CH—CH:—COOH NH—CH—CH:—COOH 
o=C — Ss 0=C | 
NH; NH—C=0 
L-Ureidosuccinic acid L-5-Carboxymethylhydantoin! 
Methods 


Culture Methods and Preparation of Cell-Free Extract—Z. oroticum was 
cultured as described previously (7) in an orotate-yeast extract-tryptone 
medium under anaerobic conditions, and cell-free extracts were prepared 
as before (7). When growth was complete (16 to 18 hours), the cells were 
harvested with a Sharples supercentrifuge, briefly incubated in vacuo in an 
orotate solution, and broken by shaking with glass beads in a Mickle 
vibrator. The supernatant fluid obtained by centrifugation in a Servall 
centrifuge at about 10,000 < g was adjusted to 10 ml. per liter of culture 
(7). 

Protamine Fraction—This fraction, which represents the first step in the 
purification of dihydroorotic dehydrogenase, was obtained as described 
previously (7). It contained only trace amounts of nucleic acid and was 
used in certain experiments with dihydroorotase. Glucose dehydrogenase 
was prepared from calf liver according to the procedure of Strecker and 
Korkes (8). Diphosphopyridine nucleotide (DPN*) was prepared as previ- 
ously described (9). 

Dihydroorotic acid (2-C*) was obtained as the crystalline free acid after 
the enzymatic reduction of orotic acid (2-C™) (7). 

pL-Ureidosuccinic acid (ureido-C“) was synthesized from C'-potassium 

‘This compound has been referred to as 5-(acetie acid)-hydantoin in previous 
publications, but has been renamed 5-carboxymethylhydantoin at the suggestion of 
the editors. 
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cyanate and DL-aspartic acid by the method of Nyc and Mitchell (10).? 
The unlabeled compound was obtained from Dougherty Chemicals. C'- 
Potassium cyanate was prepared from C'-urea (Tracerlab) and potassium 
carbonate (11). p- and L-ureidosuccinic acid (ureido-C") were prepared 
from C't-potassium cyanate and the corresponding optical isomers of as- 
partic acid according to the procedure for the racemic compound.’ Since 
attempts at crystallizing optically active ureidosuccinic acid have been un- 
successful, ion exchange chromatography with Dowex 1 was used to purify 
ach of the isomers. The details of the purification procedure are es- 
sentially the same as those used for the isolation of 5-carboxymethyl- 
hydantoin (see below). Unlabeled p- and L-ureidosuccinic acids were pre- 
pared in the same manner. 

pi-5-Carboxymethylhydantoin (2-C") was prepared from 2-C'*-labeled pL- 
ureidosuccinic acid according to the procedure of Nyc and Mitchell (10).? 
After crystallization the material was further purified by Dowex chroma- 
tography (see below). The final product had no contaminants detect- 
able by chromatography on Dowex 1. The unlabeled compound was 
synthesized by the same method (10) and crystallized twice from water. 
The product melted at 214-217° (uncorrected) and gave the following an- 
alysis.* 


C;H,O.Ne. Calculated. C 37.97, H 3.79, N 17.72 

Found. “ 38.05, “ 4.03, “ 17.45 
p- and u-5-Carboxymethylhydantoins (2-C™) were prepared from the cor- 
responding optical isomers of ureidosuccinic acid (2-C') (10) and purified 
by ion exchange chromatography (see below). Unlabeled material was 
similarly prepared and purified by three crystallizations from water. 

Rat liver homogenate (6 gm. of rat liver) was prepared in a glass Potter- 
Elvehjem homogenizer in 25 ml. of K,HPO, (0.05 m). A residue obtained 
by centrifugation (at about 4000 X g) for 5 minutes was discarded. All 
operations were carried out at 3°, and the homogenates were used im- 
mediately. 

Chromatographic Separation, Identification, and Estimation of Dihydro- 
orotic Acid, Ureidosuccinic Acid, and 5-Carboxymethylhydantoin—These 
three substances and orotic acid were separated from each other and quanti- 
tatively estimated by ion exchange chromatography of the C-labeled com- 
pounds. The reaction mixture (0.5 to 3 ml.) was acidified to thymol blue 
by the addition of 4 n HCl, and the precipitated protein was removed by 
centrifugation. The supernatant solution was adjusted to pH 7.0 with 1 
m KOH (brom thymol blue as an internal indicator) and adsorbed on a 

* We are indebted to S. R. Kornberg for this synthesis. 


’Microanalyses were performed by the Microanalytical Laboratory of the Na- 
tional Institutes of Health under the supervision of Dr. W. C. Alford. 
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column of Dowex 1, formate (200 to 400 mesh, 10 per cent cross-linkage, 
height 7 cm., diameter 1 cm.). The eluent was formate buffer (0.055 y 
sodium formate adjusted to pH 3.2 with formic acid), and the rate of flow 
was adjusted to 0.5 to 1.0 ml. per minute; fractions of 10 to 15 ml. were ob. 
tained with an automatic fraction collector. 


Appearance of the C'-labeled compounds in the eluate was determined | 


by measurement of radioactivity. The number of resin bed volumes of 
eluting solution required to elute each of the three compounds was found 
to be remarkably constant in a large number of trials. With solutions of 
each of these compounds, labeled with C“, or with known mixtures of 
them, the following pattern, expressed in resin bed volumes required for 
elution, was generally observed: 5-carboxymethylhydantoin, 6 to 12; dihy- 
droorotic acid, 13 to 20; and ureidosuccinic acid, 25 to 50. The elution of 
orotic acid required the use of more concentrated formate buffer (0.1 x 
sodium formate adjusted to pH 3.2 with formic acid), and complete elution 
required between 40 and 50 resin bed volumes of this buffer. 

Ureidosuccinic acid was estimated colorimetrically according to the un- 
published procedure for carbamoyl compounds of Dr. 8. B. Koritz and Dr. 
P. P. Cohen, kindly furnished by Dr. 8. Grisolia. Hydantoin (an Eastman 
product) was estimated after deproteinization in a boiling water bath for 
2 minutes by the colorimetric method of Borsnes and Taussky (12) for 
creatine. Color intensity was measured in the Beckman model DU spec- 
trophotometer at 525 my after 14 hours incubation at room temperature. 

Samples containing C“ were plated on aluminum disks and measured in 
a gas flow counter. 


Results 


Products of Orotate Breakdown with Cell-Free Extract—When cell-free ex- 
tract was incubated with C-labeled orotate until ultraviclet measurements 
‘indicated removal of the pyrimidine absorption, Dowex chromatography 
of the reaction mixture revealed three distinct radioactive compounds 
(Fig. 1). One of these, dihydroorotic acid, had been previously isolated in 
crystalline form and identified (7) and was now recognized by its chromato- 
graphic behavior on Dowex 1 and on paper (with a butanol-acetic acid- 
water solvent). The presence of two sharply defined radioactive zones in 
the precise areas known to be occupied by ureidosuccinic acid and 5-car- 
boxymethylhydantoin suggested that these two compounds had _ been 
formed in the reaction, and further evidence for this will be presented 
below. 

Optical Activity of Enzymatically Formed Dihydroorotic Acid—Polari- 
metric measurements, not included in the previous report (7), have indi- 
cated a specific rotation of +66.0° for the free acid in water.‘ On the 


‘We are grateful to Dr. D. Lipkin for assisting us in the use of his polarimeter. 
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basis of the enzymatic specificity of the L isomer of ureidosuccinic acid and 
the correspondence of the optical rotation of the enzymatic 5-carboxy- 
methylhydantoin with that of the synthetic L isomer (see below), the 
enzymatically produced dihydroorotate has been tentatively assigned the 
i configuration.® 


Resin Bed Volumes of Effluent 











10 20 30 40 

~ T T T T 
E 5 - CARBOXYMETHYLHYDANTOIN 
2 20,000 — 
S 
wo 
c 
2 
o 
2 15,000F - 
iw 
wo 
ao 
=] 
Fe) 

10,000 ~ 
‘Oo 
> DIHYDROOROTIG ACID 
> 
= UREIDOSUCCINIC 
5 2,000 ACID 
= 
wo 
o 
x 








50 100 150 200 250 300 
mi. of Effluent 
Fig. 1. Formation of 5-carboxymethylhydantoin, dihydroorotic acid, and ureido- 
succinic acid as products of orotic acid breakdown. The composition of the reaction 
mixture, incubation conditions (Experiment 4, Table IT), and chromatographic pro- 
cedure (‘‘Methods’’) are described in the text. 


Interconversion of Dihydroorotate and t-Ureidosuccinate 


Identification of Ureidosuccinic Acid—To confirm the identity of the 
radioactive product in the ureidosuccinic acid area, an aliquot of the re- 
action mixture containing approximately 1 um of the C-labeled product 


§ Cooper and Wilson prepared a compound by the catalytic hydrogenation of orotic 
acid having the elementary composition of dihydroorotic acid and the same melting 
point as our enzymatically prepared compound. When this synthetic material was 
oxidized with dihydroorotic dehydrogenase, 46 per cent of the theoretical yield of 
orotic acid was obtained. This result suggests that the chemically synthesized di- 
hydroorotic acid is a racemic mixture, of which only one isomer can be enzymatically 
utilized. We are indebted to Mr. C. Cooper and Dr. D. W. Wilson for furnishing us 
with a sample of their compound. 





916 ENZYMATIC SYNTHESIS OF PYRIMIDINE 


was mixed with 100 um of unlabeled pi-ureidosuccinic acid and chromato. 
graphed on Dowex | (formate) resin. The ureidosuccinic acid content of 
the eluted fractions was assayed colorimetrically and the C“ content was 
determined. As shown in Table I, the elution patterns of the authentic 
ureidosuccinie acid and the C'-labeled product were identical. 

Further identification of the enzymatic product with ureidosucciniec acid 
was provided by the results of paper chromatography. A sample of the 


TaBLe I 
Chromatographic Identification of Ureidosuccinic Acid in Reaction Products 

The C-labeled compound presumed to be ureidosuccinic acid was prepared in a 
reaction mixture containing 200 um of glucose, 15 um of MgCl, 50 um of potassium 
phosphate buffer (pH 6.1), 30 um of cysteine (pH 7.0), 0.06 um of DPN, 500 units of 
glucose dehydrogenase, 10 um of 2-C'-potassium orotate (30,000 c.p.m. per uM), and 
0.5 ml. of cell-free extract in a volume of 3.0ml. When the disappearance of orotate, 
followed spectrophotometrically at 280 mu, was complete (97 minutes), 0.05 ml. of 
4 N HCl was added; the insoluble material which formed was discarded after centrifu- 
gation. 1.0 ml. of the supernatant solution (containing approximately 1 uM of prod- 
uct presumed to be ureidosuccinic acid) was mixed with 100 um of unlabeled pt- 
ureidosuccinic acid. The mixture was neutralized with 1 m KOH and subjected to 
ion exchange chromatography on Dowex 1 formate (see ‘‘Methods’’). Fractions of 
12.8 ml. were collected, assayed colorimetrically for ureidosuceinic acid, and by 
radioactivity measurement for C4 content. 86.7 um of ureidosuccinic acid were re- 
covered in Fractions 13 to 17; the formate present in the eluent did not affect the 
colorimetric test. 











Fraction No. C.p.m. per ml. | uM a acid | a. Ll 
— = ———s | —_- | —_ — SS — — 

12 10 | | 

13 | 75 | 0.55 | 136 

14 345 | 2.36 146 

15 335 | 2.36 | 142 

16 155 1.15 135 

17 50 0.35 143 

18 | 12 


C-labeled enzymatic product was mixed with a sample of C'-pL-ureidosuc- 
cinic acid of approximately equal specific activity and then subjected to 
ascending two-dimensional chromatography in three solvent pairs. In 
ach case only one radioactive spot was found.® 

Enzymatic Synthesis of Orotate from L-Ureidosuccinate—The reversibility 
of orotate reduction (Reaction 1) was previously demonstrated (7) spectro- 


6 Propanol-water, 10:3 (Rp 0.63), and butanol-acetie acid-water, 80:16:40 (13) 
(Rp 0.52); propanol-water and butanol saturated with 10 per cent aqueous urea 
solution (14) (Rp 0.0); butanol-acetic acid-water and aqueous 5 per cent solution of 
NasHPQ, saturated and layered with isoamy!] alcohol (14) (Ry 0.90). 
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photometrically by incubating dihydroorotate with dihydroorotic dehy- 
drogenase and a catalytic amount of DPN. Oxidation of reduced DPN 
was presumably achieved by the action of DPNH oxidase which was 
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Fic. 2. Synthesis of orotate from ureidosuccinate. The incubation mixture in 
the experimental cuvette contained 15 um of MgClo, 100 um of potassium phosphate 
buffer (pH 6.1), 0.05 um of DPN, 30 um of cysteine (pH 7.0), 20 um of pL-potassium 
ureidosuccinate, and 2.0 ml. of protamine fraction (containing 26.6 units of dihydro- 
orotic dehydrogenase) in a volume of 3.0 ml. The incubation mixture in the blank 
cell contained no ureidosuccinate. 250 units of glucose dehydrogenase and 200 um of 
glucose were added at the indicated times to both cells. 
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Fig. 3. A comparison of the absorption spectra of orotate and the product derived 
from ureidosuccinate. The curve represents the absorption spectrum of sodium 
orotate in phosphate buffer (0.033 mM, pH 6.4). @, spectrum of reaction mixture 
(Fig. 2) at 41 to 45 minutes; O, spectrum of reaction mixture (Fig. 2) at 66 to 70 
minutes. In each case the values are corrected for the optical density of a blank cell 
containing all the reactants except ureidosuccinate. 
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present in the enzyme preparation. When ureidosuccinate was incubated 
with the protamine enzyme fraction under essentially similar conditions, 
it was converted to a substance having the ultraviolet absorption spec- 
trum of orotate, and complete removal of this material could be effected 
when glucose and glucose dehydrogenase were added as a source of re- 
duced DPN (Figs. 2 and 3). 

Only the L isomer of ureidosuccinate was capable of conversion to oro- 
tate; the p isomer was completely inactive. Thus, under the conditions 
shown in Fig. 2, with 1.0 ml. of protamine fraction (containing 4.6 units of 
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Fic. 4. Rate of orotate synthesis as a function of ureidosuccinate concentration. 
The reaction mixtures were prepared as described in Fig. 2, except that 0.3 ml. of 
a cell-free preparation instead of the protamine fraction was used with varying 
amounts of pL-potassium ureidosuccinate. The cell-free preparation contained rela- 
tively little 5-carboxymethylhydantoinase activity (see Table II). The progress of 
the reaction was followed in a model DU Beckman spectrophotometer. s = molar 
concentration of L-ureidosuccinate; v = increase in optical density at 295 my during a 
10 minute interval. 


dihydroorotic dehydrogenase) the increase in optical density at 280 muy in 
30 minutes was 0.000, 1.034, and 0.913 with the p (0.003 m), the 1 (0.003 
M), and a mixture of both isomers (each 0.003 m), respectively. In two 
quantitative experiments with 0.176 um of the L isomer, 0.127 and 0.134 
uM of orotate were formed, indicating conversions of 72 and 75 per cent, 
respectively. With the racemic compound (0.200 um) a 40 per cent con- 
version to orotate (0.080 um) was observed, or 80 per cent conversion, as- 
suming activity of only the L isomer. 

Influence of Ureidosuccinale Concentration on Rate of Orotate Synthesis— 
When the rate of orotate synthesis was studied as a function of ureidosuc- 
cinate concentration and the data were plotted according to Lineweaver 
and Burk (15), a straight line was obtained (Fig. 4). K, was calculated to 
be 2.8 X 10-‘ M. 
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Determination of Equilibrium Constant for Dihydroorotase Reaction—The 
equilibrium of the reversible hydrolysis of dihydroorotate to ureidosuc- 


cinate was studied, starting with each compound as substrate. In order to 


TasB_e II 
Equilibria of Dihydroorotase and 5-Carboxrymethylhydantoinase Reactions 

The reaction mixtures contained 200 um of glucose, 15 um of MgCl», 50 um of potas- 
sium phosphate buffer (pH 6.1), 30 um of cysteine (pH 7.0), 0.05 um of DPN, 500 units 
of glucose dehydrogenase, and 0.4 or 0.5 ml. of cell-free extract in a volume of 3.0 
ml. In Experiments 1, 2, and 6, a cell-free preparation very weak in 5-carboxy- 
methylhydantoinase activity was used. The amount and specific activity (in counts 
per minute per micromole) of the substrates were as follows: Experiment 1, 10 um 
(970) ; Experiment 2, 0.175 um (3 X 105); Experiment 3, 10 um (4.2 X 104); Experiments 
4and 5, 10 um (4 X 104); Experiment 6, 2 um (4 X 10‘). Incubation was carried out 
in cuvettes and the reaction measured in a model DU Beckman spectrophotometer at 
about 30° when orotate was the substrate; in the other experiments incubation was 
in a 34° water bath. In Experiments 4, 5, and 6, the reduction of orotate was com- 
plete in 110, 105, and 22 minutes, and the reactions were stopped at 120, 115, and 97 
minutes, respectively. At the end of the incubation period, the reaction mixtures 
were acidified and the neutralized supernatant solutions chromatographed on Dowex 
1, formate, as described under ‘‘Methods.’”’ Recoveries of radioactivity applied to 
the columns, uncorrected for self-absorption by sodium formate, expressed as per 
cent, were 89, 82, 91, 74, 71, and 90 in Experiments 1 to 6, respectively. 





Products, per cent of total 





























radioactiv ity Keq.* 
Experi- Sut as - ped 
ment ubstrate } | Ureidosuc- 
Dihyd reidosuc 
| Dihydro- | Ureido- | Coebiay | orotic = | Story. 
| rotic | uccini “ 
| —— , ha hydantoin pean a — 
1 |L-Dihydroorotic (0 min.) 100 0 0 
as (140 min.) 34.5 58.8 | (6.7)T 1.7 
2 |t-Ureidosuccinic (0 min.) 0 93.8 | 6.2 
oe (38 min.) 27.9 57.9 (14.1) 2.1 
3 |pt-Carboxymethylhydantoin 0 0 | 100 
| (0 min.) 
pL-Carboxymethylhydantoint 14.5 | 32.6 | 52.9 2.2 1.6 
(80 min.)° | 
4 |Orotic 14.9 30.2 | 54.2 | 2.0 | 1.8 
5 | « 18.5 | 25.8 | 55.7 | 1.4 | 22 
6 ee 23.8 | 52.0 | (24.2) | 22 | 
nena | [oe °). 2s 


¥ These. cake ulations neglect the participation of water in the equilibria. 
t The values in parentheses do not represent equilibrium values, owing to the low 
5-carboxymethylhydantoinase activity in the enzyme preparation used in these ex- 


periments. 


t The results have been calculated on the basis of activity of only one optical 


isomer. 
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minimize the removal of ureidosuccinate by 5-carboxymethylhydantoinase TI 
(Reaction 3), an enzyme preparation was used that had been found to con- the | 
tain relatively, little of this activity.’? At equilibrium, the ratio of ureido. spec 
succinate to dihydroorotate was found to be approximately 1.9 (Table chro} 
IT). f elem 
° ye ° - ° § ( 

Inlerconversion of Ureidosuccinate and 5-Carboxymethylhydantoin 8 

OX) 

Isolation and Identification of 5-Carboxymethylhydantoin—To obtain the 1 


sufficient amount of the product of orotate breakdown presumed to be T 
5-carboxymethylhydantoin for positive identification, a large scale reaction 





was carried out with 1.43 mm of 2-C'-orotate (2.0 10° c.p.m.) and cell- 0 
free extract from cells obtained from 12 liters of culture medium. The 
reaction mixture (200 ml.) also contained glucose (0.18 m), MgCl. (0.009 
M), potassium phosphate buffer (0.04 m, pH 6.4), cysteine (0.009 m, pH 
7.0), DPN (8 X 10-5 m), and glucose dehydrogenase (25,000 units). At 
intervals during incubation at 34°, aliquots of the reaction mixture were 
removed and, after proper dilution, examined spectrophotometrically for | 
orotate disappearance. When orotate removal was complete (4 hours), 4 | 
N HCl was added until the solution became acid to thymo] blue and precipi- 
tated protein was discarded after centrifugation. The supernatant solu- 
tion was neutralized with 1 m KOH and subjected to ion exchange chroma- 
tography on a column of Dowex 1, formate (height 7.5 em., diameter 6.5 
em.). The eluting fluid was formate buffer (0.055 m sodium formate ad- | 
justed to pH 3.2 with formic acid). E 
The unknown material was eluted from the column between 6 and 9 resin and 
bed volumes of eluent, with a peak at 7.8. It represented approximately Eln 
60 per cent of the radioactivity recovered from the column. Two other _ 
radioactive compounds were found, one with a peak at 15.1 (dihydroorotic ion 
acid) and the other at 30.1 (ureidosuccinic acid) resin bed volumes of elu- | on 
‘ent. mi 
Fractions of the first radioactive material eluted from the column were ] 
combined (740 ml.) and passed through a column of Dowex 50, hydrogen of 
ion form (200 to 400 mesh, height 6.8 cm., diameter 5.0 cm.), to remove the a 
sodium ions. Water and formic acid were removed under reduced pressure on 
at a water bath temperature of 40—50°. The residue was dried over KOH B« 
in vacuo, dissolved in hot water, and crystallized in the cold. Reerystalli- eq 
zation from water yielded 43 mg. of a white product, representing a yield we 
of 19.3 per cent based on the orotate as starting material. ex 
7 5-Carboxymethylhydantoinase appears to be the least stable of the three en- 
zymes under consideration. Thus, cell-free preparations stored at —16° for several T. 
weeks have been found to possess little 5-carboxymethylhydantoinase activity, 
whereas dihydroorotic dehydrogenase and dihydroorotase were not markedly re- No 
duced. ss 
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The enzymatic product was identified as 5-carboxymethylhydantoin on 
the basis of the following properties: (1) identity of its infra-red absorption 
spectrum’ with that of the synthetic compound (Fig. 5); (2) identical 
chromatographic behavior on Dowex 1, formate, resin (Table IIT) 
elementary analysis for C and H in agreement with the theoretical values, 
although the N value was 5 per cent low; (4) melting points of pDL-5-car- 
boxymethylhydantoin, of the enzymatic compound, and of a mixture of 
the two, 214-217°, 215-218°, and 212-214° (all uncorrected), respectively. 

The enzymatically produced compound was found to be optically active, 
having a specific rotation for the free acid in water of —98.9°. The specific 
rotations of synthetic L- and p-5-carboxymethylhydantoin under identical 


2 4 6 8 19_ 12 14 
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4 6 8 
WAVELENGTH IN MICRONS 
Fic. 5. Infra-red spectra of synthetic 5-carboxymethylhydantoin (upper curve) 
and the enzymatic product (lower curve) made with suspensions in Nujol on a Perkin- 
Elmer recording spectrophotometer. The peaks at 3.49, 3.56, 6.88, and 7.30 u repre- 
sent the absorption of the Nujol. 


conditions were —90.1° and +94.6°, respectively. These discrepancies 
are not considered significant in view of the errors encountered in these 
micro scale determinations.® 

Reversibility of 5-Carboxymethylhydantoinase Reaction and Determination 
of Its Equilibrium Constant—With 5-carboxymethylhydantoin as starting 
material, it was observed that both ureidosuccinate and dihydroorotate 
were formed (Table II). From the concentrations of ureidosuccinate and 
5-carboxymethylhydantoin after a steady state had been reached, an 
equilibrium ratio of 5-carboxymethylhydantoin to ureidosuccinate of 1.9 
was observed. This value is approximately the same as that calculated in 
experiments starting with orotate as substrate. It should be noted that 


§ The infra-red absorption analyses were provided through the kindness of Dr. 
T. C. Stadtman of the National Institutes of Health, Bethesda, Maryland. 

9 Polarimetric measurements were made in a universal high precision polarimeter, 
No. 126, D. C. Rudolph and Sons, with solutions containing 7 to 12 mg. of the com- 
pound per ml. in a micro cell with a 1 dm. path. 
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with heated or acid-treated enzyme preparations no interconversion of 
5-carboxymethylhydantoin and ureidosuccinate was detectable. 
Inactivity of Rat Liver Hydantoinase toward 5-Carboxymethylhydantoin— 
Bernheim and Bernheim (16) have described an enzyme in rat liver ho- 
mogenate which hydrolyzes hydantoin to hydantoic acid (ureidoacetie 
acid). It was of interest to determine whether similar preparations were 
also able to hydrolyze 5-carboxymethylhydantoin. To test this point, 3.6 
ml. of rat liver homogenate were incubated with 0.4 ml. of 1.67 K 107 y 
pL-5-carboxymethylhydantoin (4.2 X 10° ¢.p.m. per um) for 4 hours at 


TaB.LeE III 

Chromatographic Identification of Reaction Product As 5-Carboxymethylhydantoin 

The C'*-labeled compound presumed to be 5-carboxymethylhydantoin was pre- 
pared essentially as described in Table I. An aliquot (0.5 ml.) of the supernatant 
fluid (obtained on removal of the protein precipitate from the acidified reaction 
mixture), containing approximately 1 um of the product, was mixed with 100 um of 
unlabeled pi-5-carboxymethylhydantoin. The mixture was neutralized and chro- 
matographed on Dowex 1, formate, as described under ‘‘Methods.’”’ Fractions of 
14.5 ml. were collected and freed of sodium ions by shaking for 10 minutes with 3 ml, 
of well washed Dowex 50 (hydrogen ion form) resin. The resin was removed by fil- 
tration; formic acid was removed by evaporation to dryness on a steam bath. The 
residues were each dissolved in 10 ml. of water, and aliquots were titrated with 0.010 
N NaOH with a micro burette. As controls, 15 ml. of the sodium formate solution 
used for elution and 15 ml. of water containing 100 um of 5-carboxymethylhydantoin 
were similarly treated; 0.0 and 94.6 un of titratable acid were recovered, respectively. 





Fraction No. C.p.m. per ml. Carboxymethylhydantoin 
Ee ee ee) ee aie i 
| | uM per ml. | C.p.m. per pm 
2 10 0.00 | 
3 540 1.63 j 331 
4 2305 7.00 329 
5 | 35 | 0.07 | 





37°. Another portion of the homogenate (4.0 ml.) was incubated with 
0.01 m hydantoin under similar conditions. Whereas 66 per cent of hy- 
dantoin (33 um) disappeared, presumably by hydrolysis to hydantoic acid, 
ion exchange analysis of the reaction mixture containing 5-carboxymethyl- 
hydantoin revealed no ureidosuccinic acid, and 97 per cent of the initial 
radioactivity was recovered as 5-carboxymethylhydantoin. 


DISCUSSION 


The metabolism of orotic acid by this soil bacterium has been found to 
involve initially a DPN-linked reduction to form t-dihydroorotic acid 
which is then hydrolyzed to yield t-ureidosuccinic acid. As previously 
discussed (7), these reactions are in all likelihood also to be found in rat 
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liver and Lactobacillus bulgaricus 09, in which ureidosuccinic acid, like 
orotic acid, has been found to serve as an effective precursor of pyrimidine 
nucleotide. The question whether 5-carboxymethylhydantoin, which is 
rapidly formed from ureidosuccinic acid by these cell-free preparations, is 
on the main pathway of orotic acid metabolism or on a side path has not 
been answered. It should be remembered that neither ureidosuccinic acid 
nor 5-carboxymethylhydantoin was further degraded by these prepara- 
tions, and it is quite possible that, in the absence of enzymes to metabolize 
ureidosuccinic acid along the main pathway, the presence of 5-carboxy- 
methylhydantoinase permitted the accumulation of an equilibrium concen- 
tration of 5-carboxymethylhydantoin. Indeed, work in progress with an- 
other type of cell-free preparation from this organism, which liberates 
ammonia and CO, to form L-aspartic acid from both ureidosuccinic acid 
and 5-carboxymethylhydantoin, indicates that the latter is metabolized 
only by way of ureidosuccinic as the intermediate. On this basis then 
the scheme for orotate metabolism should be provisionally regarded as 
follows: 


Orotate — u-dihydroorotate — L-ureidosuccinate = L-aspartate 


iu 


L-5-carboxymethylhydantoin 


The natural occurrence of hydantoins appears to be very limited, this 
being the first known instance of 5-carboxymethylhydantoin, and the only 
other example being that of allantoin (5-ureidohydantoin), a metabolic 
product of purines in most mammals. The further breakdown of allantoin 
is known to proceed by way of allantoic acid (diureidoacetic acid) to urea 
and glyoxylic acid. Whether other examples of the natural formation of 
5-carboxymethylhydantoin will be found and what the general metabolic 
significance of 5-carboxymethylhydantoin is; remain to be determined. 
In this connection, it is of interest that unsubstituted hydantoin is hy- 
drolyzed to hydantoic acid (ureidoacetic acid) by preparations from a num- 
ber of animal and plant tissues (16, 17); from our studies 5-carboxymethyl- 
hydantoin does not appear to be a substrate for this enzyme. 


SUMMARY 


1. The metabolism of orotic acid has been studied with enzyme prepara- 
tions from an anaerobic soil bacterium obtained by enrichment culture for 
orotic acid. 

2. The following reactions have been established. 

Orotic acid + DPNH + Ht = t-dihydroorotic acid + DPNt 
L-Dihydroorotic acid + H.O = t-ureidosuccinic acid 
L-Ureidosuccinie acid = L-5-carboxymethylhydantoin + HO 
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3. Equilibria between dihydroorotic acid and ureidosuccinic acid, and 
between the latter and 5-carboxymethylhydantoin, were readily estab. 
lished, starting with any of these three compounds or with orotic acid. 
The concentrations at equilibrium of dihydroorotie acid, ureidosuccinie 
acid, and 5-carboxymethylhydantoin are in the approximate ratio of 1:2:4. 

4. The conversion of ureidosuccinic acid, an acyclie compound, to the 
pyrimidine, orotic acid, is specific for the L isomer and proceeds readily 
when linked to a DPNH-oxidizing system. 
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THE ACTION OF ADRENOCORTICOTROPIC HORMONE 
ON BEEF ADRENAL SLICES* 


By ROBERT HAYNES,| KENNETH SAVARD, anp RALPH I. DORFMAN 


(From the Worcester Foundation for Experimental Biology, Shrewsbury, and the 
Department of Biological Chemistry, Harvard Medical School, 
Boston, Massachusetts) 


(Received for publication, September 28, 1953) 


The action of adrenocorticotropic hormone (ACTH) in vitro, when 
added to adrenal cortical slices (1) and to bisected rat adrenals (2, 3) has 
been reported. A preliminary paper (4) from these laboratories has de- 
scribed the increased production of formaldehydogenic substances (F. 8.) 
and the increased incorporation of acetate-1-C™ into hydrocortisone (17- 
hydroxycorticosterone) that occurs in beef adrenal cortical slices in the 
presence of ACTH. It is the purpose of this present communication to 
describe further experiments on these actions of ACTH in vitro. 


Methods 


Incubation—Adrenal glands were obtained from cows killed at local 
slaughter-houses. The glands were removed from the carcasses 30 to 60 
minutes after the death of the animals and were placed in ice-cold isotonic 
saline or saline-citrate solution. At the laboratory the glands were usually 
perfused (see below) for approximately 20 minutes with whole, citrated 
beef blood containing 6.25 gm. of glucose added per liter, by use of a modi- 
fication of the perfusion apparatus described by Hechter (5). Penicillin 
(132,000 units per liter) and streptomycin (0.53 gm. per liter) were added 
to the blood to inhibit bacterial growth. In many of the experiments 
0.1 y of ACTH (Astwood preparation (6)) per liter was added to the per- 
fusing blood. Following the perfusion, the glands were chilled in cold 
saline, freed from adhering fat, capsule, and medulla, and the cortices 
sliced by means of the Stadie-Riggs tissue microtome. The prepared 
slices were placed on chilled, saline-moistened filter paper until ready for 
use. 0.5 to 1.0 gm. of slices was placed in 125 ml. Erlenmeyer flasks con- 
taining 10 ml. of incubating medium. Beef blood, beef plasma buffered 


* Supported in part by the Medical Research and Development Board, Office of 
the Surgeon General, Department of the Army, under contract No. DA-49-007-MD- 
184, and by contract No. AT(30-1)-918, United States Atomic Energy Commission. 
The material in this paper was taken from a thesis submitted by Robert Haynes to 
the Graduate School of Arts and Sciences, Harvard University, in partial fulfilment 
of the requirements for the degree of Doctor of Philosophy. 

+ Present address, United States Army Medical Nutrition Laboratory, Fitz- 
simons Hospital, Denver 8, Colorado. 
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at pH 7.3 with phosphate, or isotonic saline-phosphate buffer (4:1) served 
equally well as media. Incubation was carried out at 37° for 2 hours, the 
flasks being mechanically shaken 80 times per minute in a path of about | 
to 1.25 inches. The gas phase used with whole blood was 95 per cent 
oxygen-5 per cent carbon dioxide and 100 per cent oxygen when plasma 
or saline phosphate buffer was used as incubating medium. ACTH whep 
used was usually added in concentrations of 10 to 20 y per flask of the Ast- 
wood preparation and 2.5 units (Armour standard LA-1-A equivalent) 
of a commercial preparation (Pacific Laboratories, Richmond, California), 

Chemical Analysis—After completion of the incubation, 20 ml. of ethy! 
acetate were added to each flask (the slices remaining in the medium); 
the flask contents were swirled 50 times and the layers allowed to sepa- 
rate. The ethyl acetate layer was decanted and the extraction repeated 
twice more. The combined ethyl acetate extracts were evaporated to 
dryness under reduced pressure, and the residue was chromatographed 
on a silica gel column. These columns were prepared in 6 mm. glass 
tubes by transferring 500 mg. of silica gel (Davison Chemical Corporation, 
Baltimore, Maryland, mesh size 100 to 200) as a slurry in benzene. After 
allowing the column to settle and drain, the tissue extract residue, dis- 
solved in 3 ml. of benzene, was transferred to the column. 16 ml. of ben- 
zene were then passed through the column by gravity flow. This was 
followed by successive 16 ml. each of benzene-ethyl acetate (5:1), benzene- 
ethyl acetate (4:1), ethyl acetate, and lastly methanol. The separate 
eluates were dried at 50° or less under a stream of nitrogen; the ethyl 
acetate eluate was analyzed for F. S. material by the method of Daughaday 
(7) as modified by Mrs. Louise Romanoff of the Worcester Foundation; 
this modification consisted of the removal of chromogens with activated 
charcoal (Darco G-60) after oxidation, followed by the direct determina- 
tion of formaldehyde without distillation. 


EXPERIMENTAL 


Chemical Specificity—In the preliminary paper (4) the action of ACTH 
upon adrenal slices in vitro was demonstrated by the increased amount of 
total F. S. present at the end of incubation in slices incubated with added 
ACTH contrasted with that present in control slices incubated without 
added ACTH. When slices were incubated in the presence of acetate-1- 
C™, the action of ACTH was reflected in the greater specific radioactivity 
of hydrocortisone isolated from slices incubated with ACTH over that 
of the hydrocortisone isolated from control slices. Details of these ex- 
periments, not included in the early communication, are now reported and 
refer to the chemical identity of the hydrocortisone isolated. The total 
F. S. material present in Fraction IV of the silica gel column (ethyl acetate 
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eluate) was chromatographed on filter paper strips in a toluene-propylene 
glycol system (8) after the addition of crystalline hydrocortisone as car- 
rier. Location of the steroid zone (after 72 hours of chroniatography) 
was effected by means of the silver diamine reagent (8). After elution of 
the steroid zones from the chromatograms, the radioactivity of each was 
determined and is given in Table I. Repeated chromatography of the 
material from the hydrocortisone zone did not lower the specific radio- 
activity. A portion of the hydrocortisone (3 mg.) was dissolved in glacial 
acetic acid and oxidized with chromic acid by allowing the solution to 
stand overnight at room temperature. Crushed ice was added, and the 
solution was extracted with ethyl acetate. Evaporation of the extract 
yielded a small residue which was chromatographed in the ligroin-propyl- 
ene glycol system (9) for 13 hours. Exposure of the chromatogram to 
dinitrophenylhydrazine reagent revealed a single a,-unsaturated keto- 


TaBLeE I 
Specific Radioactivity of Isolated Hydrocortisone 


Counts per minute per mg.; made in an end window counter. 








Chromatogram Control Added ACTH 
Ist | 7,000 12,320 
2nd 11,650 23,075 


3rd 1,506* 2,230* 
| 7 a 


* Values after dilution 8-fold with carrier, followed by rechromatography. 





steroid zone. This compound had the same mobility as a sample of ad- 
renosterone run concurrently on a separate strip and was consequently 
considered to be adrenosterone. The total radioactivity of the adreno- 
sterone zone of the chromatogram was 312 c.p.m., while areas adjacent 
to this zone contained negligible amounts of radioactivity. The amount 
of adrenosterone determined by the ultraviolet absorption at 240 mu was 
108 y, corresponding to a specific radioactivity of approximately 2900 
¢.p.m. per mg. ° The results therefore establish the incorporation of C™ 
from acetate-1-C™“ into the steroid nucleus. 

Further characterization of the F. 8. material of Fraction IV of the 
silica gel columns (ethyl acetate eluate), upon which all F. S. measure- 
ments were made, was effected by the pooling of several fractions from 
several incubation experiments. This material was chromatographed on 
Whatman No. 4. filter paper in the solvent system of Bush (10). A chro- 
matogram of the steroid components of Fraction IV is reproduced in Fig. 
1. All steroid zones were visible in the ultraviolet scanner, gave orange 
dinitrophenylhydrazines, and reduced silver diamine (8) and blue tetra- 
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zolium (11). On the basis of the mobilities and the above color reactions 
Steroids I, III, and IV were considered to be corticosterone, cortisone, and 
hydrocortisone, respectively. Steroids II, V, VI, and VII did not appear 
in all extracts; only hydrocortisone was found consistently and therefore 
was considered to be the steroid of major importance. Compounds V, 
VI, and VII appeared to be the result of further modification by the adrenal 


| STANDARD COMPOUNDS: EXTRACT | 
| CORTICOSTERONE.(B) OF 
CORTISONE, (E) SLICE 
HYDROCORTISONE,(F) INCUBATION | 


| 
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Fig. 1. Tracing of ultraviolet-absorbing areas on a chromatogram of pooled ex- 
tracts from incubated slices. 


tissue of the primary product hydrocortisone, and their investigation forms 
the basis of another publication! (12). In studies with dog adrenal slices, 
Brady has reported the characterization by means of paper chromatog- 
raphy and sulfuric acid solution absorption spectra of the following 
corticosteroids: hydrocortisone, cortisone, corticosterone, 11-dehydro- 
corticosterone, and 17-hydroxy-11-desoxycorticosterone (13). 


1 It has subsequently been determined that the two faster moving steroids of the 
three “more polar”? compounds arising from the incubation of hydrocortisone with 
adrenal cortical slices (12), which may correspond to Steroids V and VI, are not 
single homogeneous substances. 
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Release of F. S. from Incubating Adrenal Tissue—In order to demonstrate 
further the fact that addition of ACTH results in increased formation of 
F. S. material in incubated adrenal tissue, and not simply release from the 
tissue, the following experiments were carried out. Perfused adrenal 
glands were sliced and allowed to incubate (700 mg. of tissue per flask) in 
saline-phosphate buffer in the usual fashion; in the second of these experi- 
ments glucose was included in the medium. Two flasks without added 
ACTH served as controls in each experiment. In Experiment 1, 20 y of 
ACTH (Astwood) were added to each flask; in Experiment 2, 2.5 units of 
ACTH (Pacific) were added. In Experiment 1, at the end of incubation 
the tissue was separated from the medium by centrifugation. The latter 
was extracted with ethyl acetate and analyzed in the usual way. The 
tissue slices were suspended in ether-alcohol and ground with sand. After 
repeated extraction of the ground tissue the combined extracts were dried 


TaBxeE II 
F.S. Present in Medium and Adrenocortical Slices Following Incubation with ACTH 


F.S. expressed as micrograms per gm. of adrenal cortex (averages in parentheses). 
I 





Experiment No. | No. of flasks | Control ACTH 
ars Ta | |-—— wil caida 
Slices | 2 17-19 (18) | 25-54 (40) 
Medium 2 15-23 (19) 98-124 (111) 
2 Slices 2 17-19 (18) | 8- 21 (14) 
Medium 4 42- 96 (61) 


12-36 (21) 





and evaporated; the residue was partitioned between petroleum ether 
and 70 per cent ethanol. The aqueous ethanol was evaporated and the 
aqueous solution extracted with ethyl acetate and analyzed for F. 8. ma- 
terial as above. The amount of F. 8. found in the contents of each flask 
was corrected to the equivalent of 1 gm. of tissue and is so expressed in 
Table I]. In Experiment 2, following incubation, the slices were removed 
from the medium, rinsed in isotonic saline solution, and homogenized in 
a few ml. of saline. The resulting homogenate was transferred to cello- 
phane sacs and dialyzed against two changes of 100 ml. of water for 24 
hours each. The dialysates were extracted with ethyl acetate, and the 
extract was analyzed for F. 8S. The original incubation medium, com- 
bined with the rinsing solution from the slices, was extracted with ethyl 
acetate and analyzed. Here again, the quantities of F. 8. found per flask 
were corrected to the equivalent of 1 gm. of tissue, and are given in Table 
Il. The results clearly show the net increase of F. 8. produced by the 
tissue under the action of ACTH and that most of the newly formed corti- 
costeroid is released from the adrenal tissue into the medium. 

Tissue Specificity—Table III summarizes the results of an experiment 
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in which the action of ACTH upon adrenal slices was contrasted with the 
results obtained when rat liver slices were incubated under identical con. 
ditions with citrated beef blood as medium. This experiment illustrates 
the fact that liver slices are not capable of producing F. 8. whether ACTH 
is present or not. 

ACTH was replaced by a preparation of beef plasma protein (Armour 
bovine plasma Fraction III) in a usual adrenal slice experiment in which 
the adrenal was perfused and the incubation medium was saline phos. 


TaBLeE III 
ACTH Action on Adrenal and Liver Slices 
Values in micrograms of F. S. per gm. of tissue. 








Adrenal | Liver 
Before incubation | | 31 4 E 
After . Control 86, 92 4, 20 
ACTH | 153,151 | -* } 
Average net synthesis Control 58 8 7 
ACTH | 1 _ 








A gm. FS output / gm. adrenal tissue 
25 50 100 


125 





CONTROL 
PLASMA PROTEIN 


ACTH 


Fig. 2. Demonstration of the failure of plasma protein to stimulate corticoid out- 
put. Each bar represents the mean of two values. 


phate buffer. The results indicated the total absence of a significant in- 
crease in the total F. S. output of the slices and are summarized in Fig. 2. 

Relationship between ACTH Concentration and Response—In most ex- 
periments 10 to 20 y of ACTH (Astwood) were added per flask containing 
0.5 to 1.0 gm. of adrenal slices. Since in a preliminary experiment no 
difference in response with ACTH concentrations of 10 to 160 y was ap- 
parent, a systematic study of the response to varying amounts of ACTH 
in the range of 0.5 to 16 y was undertaken. Four experiments were per 
formed in which perfused glands were incubated in saline-phosphate buffer 
medium, and each experiment entailed the addition of ACTH (Astwood) 
in three concentrations. The responses were calculated as per cent ACTH 
effect by means of the expression 
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H-C 
C—O 





% ACTH effect = 100 X 


where H represents the concentration of F. 8. per gm. of tissue at the end 
of the incubation with added ACTH; C is the concentration in micrograms 
of F. S. per gm. of tissue incubated without added ACTH; O represents 
the concentration of F. S. present in the tissues before incubation. Thirty- 
seven individual determinations were made; the means and standard error 
of the means are plotted in Fig. 3. The equation of the log dose-response 

















2504 
t+} 
Ze ACTH Errect 
ACTH - CONTROL 
— 100 (45 TPUT wees | 
150 4 
100 4 
50 4 
. . . : : . 
25 0.5 Lo 20 40 80 16. 


~» om. ACTH (Astwooo) 


Fic. 3. The response of adrenocortical slices to various amounts of ACTH. Log 
dose-response equation calculated by the method of Fisher (14). The means and 
the standard deviations of the means are plotted. 


relationship (Y = 60 + 84 (log x)) was calculated by the method of least 
squares of Fisher (14). 

If one-half of the determinations are taken at random (as standard) 
and compared with the other half (unknown), a potency ratio of 156 per 
cent is obtained (theoretical potency ratio, 100 per cent). The range of 
variation was +79 per cent and —44 per cent, P = 0.05. The correla- 
tion coefficient calculated by the method of Snedecor (15) between dose 
of ACTH per gm. of tissue and F. S. response was 0.668 (n = 37, P = 
0.01). These results suggest that the system is potentially valuable as a 
bioassay method for ACTH. More studies will be necessary before a 
complete evaluation of dose range, accuracy, and sensitivity can be made. 

Effect of Perfusion—The value of perfusion as a preliminary step in the 
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experimental procedure was investigated by perfusing one gland from| 


an animal prior to slicing and incubation and by incubating the contra.| 
lateral gland without preliminary perfusion. The results from two such| 


experiments (with saline-phosphate-glucose medium) are illustrated jn! 


Fig. 4. In Experiment 1, the slices prepared from the unperfused gland 
did not respond to the ACTH addition. In Experiment 2, the slices from 
the unperfused gland showed a slight response, while the slices from the 
perfused gland responded significantly to the addition of ACTH. 

From April to October 1952, thirty-five experiments were performed in 
which adrenal glands were not perfused before slicing. Thirteen, or 33 
per cent, of these slice preparations responded satisfactorily to ACTH. 
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Fic. 4. The effect of perfusing glands before slicing. Each bar represents the 
mean of two values. 


During the period of October, 1952, to February, 1953, twenty-eight ex- 
periments were performed in which all adrenals were perfused before 
slicing. Twenty-one, or 72 per cent, of these experiments gave satisfac- 
tory responses to ACTH. The significance of this difference was deter- 
mined statistically, «2 = 8.98, p < 0.01. It is possible that this striking 
difference in percentage of experimental successes was due to factors 
other than perfusion of the glands, but, on the basis of the data described, 
it is felt that perfusion prior to incubation is a significant factor. 
Duration of Action of ACTH—An experiment designed to determine the 
time during which ACTH acted upon the tissue slices is illustrated in 
Fig. 5. After perfusion of the glands adrenal cortical slices were incu- 
bated in saline-phosphate-glucose medium with and without added ACTH 
(2.5 units (Pacific) per flask) for varying lengths of time; the formalde- 
hydogenic steroids formed during the experimental periods were deter- 
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'rom| mined as described above and are expressed as micrograms of F. 8. formed 
ontra-_| er gm. of adrenal tissue. The results indicate that the action of ACTH 
. such| added at the beginning of the experiment, in the amounts used, continued 
ted in for a period of 2 hours. After this time, there was no further production 


“~— of F. 8. by the slices. Although not significant, the pattern of the curves 
S from 
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eter- phase. Each bar represents the mean of two values. 
king : ; ; 
ian suggests that the F. S. formed during the early stages of the experiment 
bed undergoes some destruction. 
’ . . . . 
| Réle of Oxygen—Incubation of the slices in nitrogen prevented any 
. the hormonal production either by the control slices or by those to which 
a te ACTH had been added. This experiment is summarized in Fig. 6. In- 
neu- cubation of slices in air resulted in a diminution of approximately 30 per 
‘TH cent of the hormonal output of both the control and the ACTH-stimulated 
Ide- - slices. 


ee Variation in Composition of Medium—In order to test the effect of three 
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possible substrates upon the response of the slices to ACTH, adrenal slices 
from perfused glands were incubated in the following media for 2 hours: 
saline-phosphate, saline-phosphate-glucose (glucose 200 mg. per cent), 
saline-phosphate-glucose-acetate (glucose 200 mg. per cent, sodium ace. 


TaBLe IV 
Effect of Additional Substrates on Response to ACTH 


Values in micromoles of F. 8. per gm. of adrenal tissue (values in parentheses, 
per cent ACTH effect). 





| 
} F. S. concentration at end of | 








| incubation Average net F. S. synthesis 
Added substrate a é _ oe os a 
Control | ACTH Control ACTH 
Glucose | 42, 48 76, 87 | 26 63 
(142) 
None | 107, 83 76 
(192) 
Glucose, fumarate | 60, 97 | 59 
(127) 
i acetate | 96, 99 | 79 
| Lie 





The per cent ACTH effect was in each case calculated on the basis of the control 
incubation in the medium containing only glucose. The basic medium contained 
saline-phosphate buffer. 19 y of F. S. present per gm. of tissue at the start of incu- 
bation. 
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Fic. 7. Effect of freezing on the action of ACTH, Each bar represents the mean 
of two values. 


tate 60 mg. per cent), and saline-phosphate-glucose-fumarate (glucose 
200 mg. per cent, sodium fumarate 60 mg. per cent). The results, listed 
in Table IV, indicate that ACTH response of the slices was not significantly 
altered by the addition of glucose, fumarate, or acetate. 

Effect of Freezing upon Adrenal Cortical Tisswe—In order to learn whether 
adrenal cortical cells disrupted by freezing and thawing were capable of 
responding to ACTH, the following experiment was performed. 
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Slices from adrenal glands (previously perfused) were added to dry 
Erlenmeyer flasks and quickly frozen by immersing the flasks in a dry 
ice-acetone bath. An equal weight of slices from the same adrenal gland 
was kept at 10° in dry flasks during the same period. The incubating 
medium (saline-phosphate buffer) at 37° was then added to the flasks and 
incubation allowed to proceed for 2 hours. Extraction of the flasks and 
measurement of the F. 8. produced was carried out in the usual manner. 
The results presented in Fig. 7 indicate that slices in which the cell struc- 
ture was damaged by freezing were unable to respond to added ACTH. 


DISCUSSION 


The first demonstration of an action of ACTH in vitro upon production 
of corticosteroid by adrenal tissue was reported by Saffran, Grad, and 
Bayliss (2, 3) and consisted of the measurement of corticosteroid activity 
as assayed by the mouse-eosinophil test; this biological activity was par- 
tially correlated chemically with an increased formation of ‘“a,3-unsatu- 
rated ketonic lipide.” The findings outlined in the present and earlier 
(4) reports, and arrived at independently and by widely differing tech- 
niques, serve to establish more firmly the basis for the demonstration of 
this action of ACTH in vi/ro. Reviewed briefly, the evidence from these 
two studies establishes the following points: (a) incubating adrenal tissue 
produces substances with corticosteroid activity, as measured biologically, 
and ACTH acts to increase this production of activity (3); (b) incubating 
adrenal tissue produces lipide material, which absorbs maximally at 240 
my (a,8-unsaturated ketosteroid) (3), and formaldehydogenic steroid, 
and the amounts of corticosteroids determined by means of both these 
chemical properties of the steroids are enhanced by the addition of ACTH; 
(c) incubating adrenal tissue produces chemically defined corticosteroids 
(see Brady (13)), particularly hydrocortisone, from acetate (measured 
by the incorporation of C' into the steroid nucleus), and the rate of in- 
corporation of acetate-1-C™ into hydrocortisone is enhanced by the ad- 
dition of ACTH; (d) the increased formation of corticosteroid under the 
influence of ACTH represents a net synthesis over that present in the 
tissue, and most of the hormone is released from the tissue into the incubat- 
ing medium; (e) the action of ACTH is specific in regard to adrenal tissue; 
(f) the response of the adrenal tissue is specific with respect to ACTH; 
(g) a system upon which the action of ACTH depends appears to be en- 
zymatic in character; (h) there exists a dose-response relationship between 
concentration of ACTH and the production of corticosteroid (as measured 
chemically by two independent methods). 

The in vilro system described may prove to be a useful tool when em- 
ployed as a method of bioassay of ACTH. A preliminary statistical 
analysis of the method as an assay procedure has been included in this 
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report, in which there has been shown a significantly positive correlation 
between the dose of ACTH and the F. 8. produced by the adrenal slices, 
Saffran and Bayliss (16) have indicated that such a correlation exists 
between the action in vitro of various ACTH preparations and their ascorbic 
acid-depleting activity. However, additional studies on chemical speci- 
ficity and statistical evaluation of the method (3) appear to be necessary, 

A certain number of points relating to the mechanism of action of ACTH 
emerge from these studies. It is well established from the foregoing that 
ACTH acts to stimulate the actual synthesis of cortical hormones, as well 
as their release from the gland (see Hechter ef al. (17)). From experiments 
reported here it may be concluded that ACTH action depends upon a 
system requiring aerobic conditions for its function; the recent report of 
the poisoning action of a sulfhydryl inhibitor (n-ethyl maleimide) upon 
the corticosteroid synthesis by surviving adrenal tissues (18) points di- 
rectly towards the enzymatic nature of the system. Since the freezing 
of adrenal slices abolishes their ability to respond to ACTH, it may well 
be possible that the latter can act only upon intact adrenal cells; in this 
regard ACTH has been reported to be without action upon adrenal homog- 
enates (3). The fact that slices respond to ACTH when incubated in a 
simple medium containing no added organic compounds suggests that 
ACTH does not act primarily to increase the uptake into the cell of some 
steroid precursor. 

Although it appears that ACTH action is dependent upon an enzyme 
system or systems, it is not known whether this dependence is primary or 
secondary in nature. Evidence is not yet available to deeide the question 
as to whether ACTH acts primarily to increase the rate of hormone pro- 
duction, resulting in a “spilling” of the hormone out of the cells into the 
surrounding fluid, or, on the other hand, whether it acts primarily to 
increase the rate of release of cortical hormones from the cell and by a 
mass action effect stimulates their synthesis. The answer to this funda- 
mental problem will require further investigation. 

With regard to a matter of technique, the evaluation of the perfusion of 
adrenal glands as an obligatory step in the procedure is not complete. It 
is likely that, if glands were obtained rapidly after the death of the ani- 
mals, perfusion might not be necessary. However, from the experience 
of this laboratory, where adrenals are not sliced for incubation until at 
least 70 minutes and usually 90 to 120 minutes have elapsed after the 
animals have been slaughtered, perfusion seems to be a valuable adjunct 
to the experimental procedure. Saffran and Bayliss (16) have reported 
that preincubation of bisected rat adrenals is a necessary step for maxi- 
mal ACTH stimulation. This treatment may be essentially similar to 
our perfusion step in that both procedures tend to predispose the adrenal 
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tissue to better corticosteroid synthesis and to greater response to ACTH 
stimulation. 


SUMMARY 


1. ACTH acts on beef adrenal cortical slices to increase the rate of in- 
corporation of C' from acetate-1-C™ into hydrocortisone. 

2. ACTH acts on adrenal slices to increase the rate of adrenal steroid 
hormone production as measured chemically by the formaldehydogenic 
method. Hydrocortisone appears to be the hormone produced in the 
greatest quantity by the slices. An actual net synthesis of formaldehy- 
dogenic substances (F. 8.) occurs, and most of this is found in the in- 
cubating medium at the end of the experiment. 

3. A stimulation of F. 8. production does not occur when ACTH is 
added to liver slices, and serum protein does not stimulate adrenal slices, 
as does ACTH. 

4. A significant correlation was demonstrated between the amount of 
ACTH used and the degree of response of the slices in the range of 0.5 
to 16 y of ACTH. 

5. Under the conditions of the experiments ACTH appears to act for 
2 hours. 

6. Incubation of the slices under nitrogen or freezing the slices before 
incubation abolished their capacity to respond to ACTH. However, 
removal of all potential substrates from the incubating medium did not 
prevent the response to ACTH; slices responded well in a simple salt 
solution. 
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matic, relation, Lieberman and Korn- 


berg, 911 
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acid, Smith and Stockell, 501 


Cerebrum: Aconitase, Shepherd and Kal- 
nitsky, 605 
Fumarase, Shepherd and Kalnitsky, 
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teria, intestine, Wainfan, Henkin, 


Rittenberg, and Marz, 843 
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Wells, 575 
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575 
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effect, Cunningham, 443 
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phopantetheine, Hoagland and No- 
velli, 767 
—, synthesis from pantetheine, Levin- 
tow and Novelli, 761 
—, tissues, thyroxine effect, Tabach- 
nick and Bonnycastle, 757 
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Frieden and Martin, 133 
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Frieden and Martin, 133 
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Dehydrogenase: Alcohol. 
dehydrogenase 
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Choline. See Choline dehydrogenase 
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Glyceraldehyde-3-phosphate dehy. 
drogenase 


8-Hydroxyacyl coenzyme A. See Hy. 
droxyacyl coenzyme A dehydrogen. 
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mitosis, lung, Daoust, Bertalanfy, 
and Leblond, 405 
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Dihydroorotic acid: Orotic acid synthe. 
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tion, Lieberman and Kornberg, 
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Dihydroxyallopregnane-20-one: 38,6e-, 
urine, Salamon and Dobriner, 3% 


Diiodotyrosine: Iodine 131-labeled, me- 
tabolism, Tong, Taurog, and Chaikof, 
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and Sung, 305 
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phosphoserine, radioactive, isola- 
tion, Kennedy and Smith, 133 } 
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Lowry, Roberts, Wu, Hixon, and 
Crawford, 19 
Co-. See Coenzyme 


Formation, adaptive, Feigelson and 
Conte, 187 


—, —, galactose metabolism effect, 
Feigelson and Conte, 


187 








Enz! 


S 
Esc 


Est 


Est 


Fas 


Fat 


Fo 











Alcohol 


genase 
See 
dehy. 


See Hy. 
drogen- 


genase 
sis and 
falangfy, 
405 
e: -In- 
‘droxyl- 
443 
synthe- 
ic, rela- 
]; 
911 
38 ,6a-, 
, 8B 
ed, me- 
thaikof, 
59 
): Iso- 





, Plaut 
305 
V ennes- 
613 | 


protein 
isola- | 
133 | 
ination, 
and 
19 


mM, 


on and 
187 
effect, 
187 








SUBJECTS 


Enzyme(s)—continued: 
Hydroxypyruvie acid 
p-glyceric acid, plants, 
Magaldi, and Vennesland, 


reduction to 
Stafford, 


621 

Liver, pentose phosphate conversion 
to hexose monophosphate, effect, 
Horecker, Gibbs, Klenow, and Smyrni- 
otis, 393 
Neurospora, molybdenum effect, Nich- 


olas, Nason, and McElroy, 341 
Nucleoside synthesis, Friedkin and 
Roberts, 245, 257 


Orotic acid synthesis and breakdown, 
enzymatic, Lieberman and Kornberg, 
911 

Systems, thiamine analogues, effect, 


Eich and Cerecedo, 295 
Thymidine synthesis, Friedkin and 
Roberts, 257 


See also Aconitase, Esterase, etc. 
Escherichia coli: Acetate synthesis, Mc- 


Quillen and Roberts, 81 
Anthranilic acids, substituted, effect, 
Volcani, Sicher, Bergmann, and 
Bendas, 411 


Ribose formation, mechanism, Lan- 

ning and Cohen, 193 

Esterase(s): Cholesterol. See Choles- 
terol esterase 


Liver, n-fatty acid esters, effect, 
Hofstee, 219 
Specificity, Hofstee, 211, 219 


Estrogen: Connective tissue glycine-1- 
C" uptake effect, Frieden and Martin, 
133 


F 


Fasting: Amino acids, free, metabolism, 
effect, Wu, 775 
Fatty acid(s): Acetoacetate formation 


from, liver, Witter, Cottone, and 
Stotz, 671 
n-, esters, liver esterase effect, Hofstee, 
219 
Oxidizing system, Wakil and Mahler, 
125 

Wakil, Green, Mii, and Mahler, 
631 
Folic acid: Analogues, Streptococcus 
faecalis effect, Nichol, 725 
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Formaldehyde: Determination, photo- 
metric, Frisell, Meech, and Macken- 
zie, 709 

Formamidase: Kynurenine. See Ky- 
nurenine formamidase 

Fructose: Carbon 14-labeled, dissimila- 
tion, anaerobic, Pseudomonas lind- 
nert, Gibbs and DeMoss, 689 

Fumarase : Cerebrum, Shepherd and Kal- 
nitsky, 605 

Liver, Kuff, 361 


G 


Galactose: Metabolism, enzyme forma- 
tion, adaptive, effect, Feigelson and 
Conte, 187 

Glucose: Carbon 14-labeled, dissimila- 
tion, anaerobic, Pseudomonas lind- 
neri, Gibbs and DeMoss, 689 

Glucurone: Fate, Packham and Butler, 

639 

Glutamine: Arginine synthesis, Lacto- 
bacillus arabinosus, relation, Ory, 
Hood, and Lyman, 267 

Glutamylamino acid: y-, amides, pro- 
teinases, effect, Clark-Lewis and 
Fruton, 477 

Glutamyl polypeptide: Polymers, prep- 
aration, determination, and excre- 
tion, Bovarnick, Eisenberg, O’Con- 
nell, Victor, and Owades, 593 

Preparation, determination, and ex- 
cretion, Bovarnick, Eisenberg, O’Con- 
nell, Victor, and Owades, 593 

Glyceraldehyde-3-phosphate dehydro- 
genase : Acetyl phosphate formation, 
effect, Harting and Velick, 857 

— — transfer reactions, effect, Harting 
and Velick, 867 
Action, mechanism, Oesper, 421 

Glyceric acid: p-, hydroxypyruvic acid 
reduction to, enzymatic, plants, 
Stafford, Magaldi, and Vennesland, 

621 

Glycine: Carbon 14, uptake, connective 

tissue, Frieden and Martin, 133 
—— ,—, — tissue, estrogen and re- 
laxin effects, Frieden and Martin, 

133 
Metabolism, serine relation, Elwyn and 
Sprinson, 459 
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Glycine—continued: 
Purine biosynthesis, relation, Elwyn 
and Sprinson, 467 
Thymine biosynthesis, relation, Elwyn 


and Sprinson, 467 
Glycogen: Regeneration, Stetten and 
Stetten, 331 


Growth: Hormone, pituitary, electro- 


phoresis, F gnss-Bech and Li, 175 
H 
Heard’s ketone: Huffman and Lott, 
431 


Hexose monophosphate: Pentose phos- 
phate conversion to, liver enzyme ef- 
fect, Horecker, Gibbs, Klenow, and 
Smyrniotis, 393 

— — — +, mechanism, Horecker, 
Gibbs, Klenow, and Smyrniotis, 
393 

Hippocampus: See also Ammon’s horn 

Hydantoin: 5-Carboxymethyl-. See 
Carboxymethylhydantoin 

Hydrase: Acyl coenzyme A. See Acyl 
coenzyme A hydrase 

Hydroxyacyl coenzyme A dehydrogen- 
ase: B-, Wakil, Green, Mii, and Mah- 
ler, 631 

Hydroxylamine: a-Chymotrypsin, di- 
ethyl p-nitrophenyl phosphate-in- 
hibited, effect, Cunningham, 

443 

Hydroxylysine: Diastereoisomers, sep- 
aration, chromatographic, Piez, 

77 

Hydroxypyruvic acid(s): p-Glyceric acid 
from, enzymatic, plants, Stafford, 
Magaldi, and Vennesland, 621 

Hypophysis: See Pituitary 


I 


Intestine: Bacteria, cholesterol metabo- 
lism in vitro, Wainfan, Henkin, Rit- 


tenberg, and Marz, 843 
Isocitric dehydrogenase: Cerebrum, 
Shepherd and Kalnitsky, 605 


Diphosphopyridine nucleotide, tissue, 


Plaut and Sung, 305 
Isoleucine: Diastereoisomers, separa- 
tion, chromatographic, Piez, 77 





INDEX 


K 


Ketone: Heard’s. See Heard’s ketone 
Kidney: Droplets, isolation and bio. 


chemistry, Straus, 745 
Mercapturic acid synthesis, Mills and 
Wood, 695 
Kinase: Pantetheine. See Pantetheine 
kinase 
Kynurenine formamidase: Neurospora, 
Jakoby, 657 


L 


Lactobacillus arabinosus: Arginine syn. 
thesis, glutamine réle, Ory, Hood, 
and Lyman, 267 

Lactobacillus bulgaricus: Pyrimidine 
precursors, Rose and Carter, 701 

Leaf: Green, diphosphopyridine nucleo- 
tides, Anderson and Vennesland, 


613 

—, triphosphopyridine nucleotides, 
Anderson and Vennesland, 

613 

Lecithin : Lecithinase A action, Hanahan, 

879 

Lecithinase: A, lecithin, action, Hana- 

han, 879 


Leucine: Iso-. See Isoleucine 


Liver: Acetoacetate formation from 
fatty acids, Witter, Cottone, and 
Stotz, 671 

Cholesterol esterase, Schotz, Rice, and 
Alfin-Slater, 665 
Choline-like substances, effect, Wells, 


575 

Enzyme, pentose phosphate conver- 
sion to hexose monophosphate, ef- 
fect, Horecker, Gibbs, Klenow, and 


Smyrniotis, 393 
Esterase, n-fatty acid esters, effect, 
Hofstee, 219 
Fumarase, Kuff, 361 


Mercapturic acid synthesis, Mills and 
Wood, 695 


Oxalacetic carboxylase, purification, 
Utter and Kurahashi, 787 
Lung: Deoxyribonucleic acid synthesis 
and mitosis, Daoust, Bertalanffy, and 

405 

See Hydroxylysine 


Leblond, 
Lysine: Hydroxy-. 
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SUBJECTS 951 
M Nucleoside(s): Synthesis, enzymatic, 
Friedkin and Roberts, 245, 257 


Mercapturic acid: Synthesis, liver and 


kidney, Mills and Wood, 695 
Mercury: Papain, crystalline, and, 
Smith, Kimmel, and Brown, 533 


Methionine: Decomposition, Lavine and 


Floyd, 97 
Protein hydrolysates, isolation, Floyd 
and Lavine, 119 


Sulfonium salts, formation, relation, 
Lavine, Floyd, and Cammaroti, 107 
Methyl-C'!-A5-androstene-38,178-diol : 
17a-, synthesis and metabolism, 
Hyde, Elliott, Doisy,and‘Doisy, 287 
Methylniacinamide: N'-, blood, deter- 
mination, Kring and Williams, 851 
Mold: See also Neurospora 
Molybdenum: Neurospora enzyme, ef- 
fect, Nicholas, Nason, and McElroy, 


341 

Nitrate reductase, Nicholas and Nason, 
353 

— — and, Nicholas, Nason, and McEIl- 
roy, 341 
Nicholas and Nason, 353 


N 


Neurospora: Enzyme, molybdenum ef- 
fect, Nicholas, Nason, and McElroy, 
341 
Kynurenine formamidase, Jakoby, 
657 
Niacinamide: N'-Methyl-. See Methyl- 
niacinamide 
Nitrate reductase: Molybdenum, Nicho- 
las and Nason, 353 
— and, Nicholas, Nason, and McElroy, 
: 341 
Nicholas and Nason, 353 
Nitrogen: Papain, crystalline, Thomp- 
son, 563 
Nuclease: Ribo-. See Ribonuclease 
Nucleic acid(s): Catabolites, reutiliza- 


tion, Dancis and Balis, 367 
Constituents, magnetochemistry, 
Woernley, 717 
Deoxyribo-. See Deoxyribonucleic 
acid 
Pyrimidines, precursors, Weed and 
Wilson, 439 





Nucleotide(s): Diphosphopyridine. 
Diphosphopyridine nucleotide 
Pyridine. See Pyridine nucleotide 
Triphosphopyridine. See Triphospho- 
pyridine nucleotide 


See 


oO 


Organic acid(s): Tobacco leaves, metab- 
olism, Vickery and Palmer, 275 
Orotic acid: Dihydro-. See Dihydro- 
orotic acid 
Synthesis and breakdown, enzymatic, 


Lieberman and Kornberg, 911 
Oxalacetic carboxylase: Utter, Kura- 
hashi, and Rose, 803 


Action, mechanism, Utter and Kura- 
hashi, 821 
Purification, liver, Utter and Kura- 
hashi, 787 
Oxidase: Choline. See Choline oxidase 
Cytochrome c. See Cytochrome c ox- 
idase 


P 


Pantetheine: Biosynthesis from panto- 
thenate, Hoagland and Novelli, 
767 
Coenzyme A synthesis from, Levintow 
and Novelli, 761 
Phospho-. See Phosphopantetheine 
Pantetheine kinase: Levintow and No- 
velli, 761 
Pantoate: Synthesis, Bacterium linens, 
p-aminobenzoate réle, Purko, Nel- 
son, and Wood, 51 
Pantothenate: Pantetheine biosynthesis 
from, Hoagland and Novelli, 767 
Papain: Crystalline, Kimmel and Smith, 


515 

Smith, Kimmel, and Brown, 533 
Smith, Stockell, and Kimmel, 551 
Thompson, 563 
—, amino acids, Smith, Stockell, and 
Kimmel, 551 
—,— groups, free, Thompson, 563 
—, nitrogen terminal sequence, 
Thompson, 563 


—, physical studies, Smith, Kimmel, 
and Brown, 533 








952 


Papain—continued: 
Crystalline, preparation, specificity, 
and activation, Kimmel and Smith, 


515 
Mercury complex, Smith, Kimmel, and 
Brown, 533 


Pentose phosphate: Hexose monophos- 
phate from, liver enzyme effect, 
Horecker, Gibbs, Klenow, and Smyr- 


niotis, 393 

— — —, mechanism, Horecker, Gibbs, 

Klenow, and Smyrniotis, 393 

Peptidase: Carboxy-. See Carboxy- 
peptidase 


Phosphatide(s): Blood serum, Gertler, 
Kream, and Baturay, 165 
Phosphopantetheine: Coenzyme A bio- 
synthesis from, Hoagland and Novelli, 
767 
Phosphoprotein: Phosphoserine, radio- 
active, isolation, Ehrlich ascites tu- 
mor, Kennedy and Smith, 153 
Phosphorylase: Thymidine. See Thy- 
midine phosphorylase 
Phosphoserine: Radioactive, phospho- 
protein, isolation, Ehrlich ascites 
tumor, Kennedy and Smith, 153 
Pituitary: Growth hormone, electro- 
phoresis, Fgnss-Bech and Li, 175 
Plant(s): Hydroxypyruvic acid reduc- 
tion to p-glyceric acid, enzymatic, 
Stafford, Magaldi, and Vennesland, 


621 

Polypeptide(s): Glutamyl. See Glu- 
tamyl polypeptide 

Pregnane-17a ,21-diol-3 ,20-dione: Me- 


tabolism, Ungar, Davis, Rosenkrantz, 
and Dorfman, 375 
Pregnane-17a, 21-diol-3, 11, 20-trione: 
Metabolism, Ungar, Davis, Rosen- 
krantz, and Dorfman, 375 
Pregnane-20-one : 38 ,6a-Dihydroxyallo-. 
See Dihydroxyallopregnane-20-one 


Protein(s): Cysteine determination, 
Strickland, Martin, and Riebsomer, 

903 

Cystine determination, Strickland, 

Martin, and Riebsomer, 903 

Hydrolysates, methionine isolation, 

Floyd and Lavine, 119 


Phospho-. See Phosphoprotein 


INDEX 











Proteinase(s): Carbonylbisamino ag 
amides, effect, Clark-Lewis and Fry. 
ton, 7 

y-Glutamylamino acid amides, effeg 
Clark-Lewis and Fruton, 7 
Transamidation, effect, Durell an 
Fruton, 487 

Pseudomonas lindneri: Glucose and fry. 
tose, carbon 14-labeled, dissimil,. 
tion, anaerobic, Gibbs and DeMoss, 

68 

Purine(s): Biosynthesis, serine and gly. 

cine relation, Elwyn and Sprinson, 


467 

Pyridine nucleotide(s): Blood, deter. 
mination, Kring and Williams, i 
Pyrimidine(s): Nucleic acid, precursor, 


Weed and Wilson, 439 
Precursors, Lactobacillus bulgaricus, 
Rose and Carter, 701 


Pyruvic acid(s): Hydroxy-. See Hy. 
droxypyruvic acid 


R 


Reductase: Nitrate. 
tase . 

Relaxin: Connective tissue glycine-1-C" 

uptake effect, Frieden and Martin, 

133 

Ribonuclease: Chemical constitution, 

Anfinsen, Redfield, Choate, Page, and 

Carroll, 201 

Ribose: Formation, Escherichia coli, 

mechanism, Lanning and Cohen, 


See Nitrate reduc. 


198 


Ss 


Serine: Determination, photometric, 
Frisell, Meech, and Mackenzie, 70 
Glycine metabolism, relation, Elwyn 
and Sprinson, 459 


Phospho-. See Phosphoserine 
Purine biosynthesis, relation, Elwyn 
and Sprinson, 467 | 
Thymine biosynthesis, relation, Elwyn 
and Sprinson, 467 
Sodium glucuronate: Fate, Packham and 
Butler, 639 


Somatotropin: Electrophoresis, F gnss- 
Bech and Li, 175 
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SUBJECTS 


Sphingosine: Brain, precursors, Sprin- 
son and Coulon, 585 
Steroid(s): Hormones, metabolites, sep- 
aration, chromatographic, Katzenel- 
lenbogen, Dobriner, and Kritchevsky, 
315 
—, separation, chromatographic, Kat- 
zenellenbogen, Dobriner, and Krit- 
chevsky, 
315 
16-Substituted, Huffman and Lott, 
431 
Streptococcus faecalis: Folic acid ana- 
logues, effect, Nichol, 725 
Succinic acid: Ureido-. See Ureidosuc- 
cinic acid 
Sucrose : Synthesis and inversion, Canna 
indica leaf, Putman and Hassid, 
885 
Sugar: Transformation, Canna indica 
leaf, Putman and Hassid, 885 
Sulfate: Sulfur utilization, cystine syn- 
thesis, relation, Dziewiatkowski, 
181 
Sulfonium salt(s): Formation, alcohols 
and methionine relation, Lavine, 
Floyd, and Cammaroti, 107 
Sulfur: Sulfate, utilization, cystine syn- 
thesis, relation, Dziewiatkowski, 
181 


T 


Tartrate: (+-)-, tobacco leaf culture, ef- 
fect, Vickery and Palmer, 275 
Thiamine : Analogues, Hich and Cerecedo, 
295 

—, enzyme systems, effect, Eich and 
Cerecedo, 295 
Thymidine : Synthesis, enzymatic, Fried- 
kin and Roberts, 257 
Thymidine phosphorylase: Friedkin and 
Roberis, 245 
Thymine: Biosynthesis, serine and gly- 
cine relation, Elwyn and Sprinson, 
467 


| 





953 


Thyroxine: Tissue coenzyme A, effect, 
Tabachnick and Bonnycastle, 

757 

Tobacco: Leaves, organic acids, metab- 

olism, Vickery and Palmer, 275 

—, (+)-tartrate solutions, culture ef- 

fect, Vickery and Palmer, 275 


Transamidation: Proteinase-catalyzed, 
Durell and Fruton, 487 
Triphosphopyridine nucleotide(s): 


Leaves, green, Anderson and Vennes- 

land, 613 
Trypsin: Chymo-. See Chymotrypsin 
Tumor: Ehrlich ascites, phosphoprotein 


phosphoserine, radioactive, isola- 
tion, Kennedy and Smith, 153 
Tyrosine: Diiodo-. See Diiodotyrosine 
U 


Ureidosuccinic acid: Orotic acid synthe- 
sis and breakdown, enzymatic, rela- 
tion, Lieberman and Kornberg, 

911 

Urine : 38 ,6a-Dihydroxyallopregnane-20- 
one, Salamon and Dobriner, 323 


Vv 


Vitamin(s): B,, Beaton, Beare, Beaton, 
Caldwell, Ozawa, and McHenry, 

385 

—, deficiency effect, Beaton, Beare, 

Beaton, Caldwell, Ozawa, and Mc- 


Henry, 385 
Biz, bound, blood serum, Pitney, 
Beard, and Van Loon, 143 


C. See also Ascorbic acid 


b 4 


Yeast: Alcohol dehydrogenase, Hayes 
and Velick, 225 


Z 


Zein: Amino acids, free, metabolism, ef- 
fect, Wu, 775 











